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Mass Spectrum of Pentaborane (B,H.) 
By Vernon H. Dibeler, Fred L. Mohler, Laura Williamson, and Robert M. Reese 


The mass spectrum of BsHy has been measured, and the monoisotopie spectrum has 


been computed using the isotope abundance B! 


0.200 and B'=0.800. The mass spec- 


trum shows that the molecule has a marked tendency for ionization with loss of either 


two or four hydrogen atoms, but little tendeney to lose one or three 


The high vield of 


ions containing five boron atoms and the tendency to give up either two or four hydrogen 


atoms suggests a five-membered ring structure with two pairs of loosely bound hydrogen 


atoms Since the spectrum is quite different from that of C 


ring compounds, however, 


no definite conelusion concerning the structure is drawn at present 


I. Introduction 


The Mass Spectrometry Section has had an 
opportunity to run mass spectra of some very 
pure pentaborane, B,H,, prepared by the Naval 
Research Laboratory. This compound is con- 
sidered by Pitzer to be a five membered ring 
compound, B;H,;, with two additional pairs of 
hydrogen atoms attached to two of the bonds to 


form protonated double bonds, 


H H 
HB—BH—BH=BH—BH. 
H H 


Bauer and Pauling had previously suggested a 
methvlevclobutane-like structure. 
(n interpretation of hydroboron mass spectra 
is complicated by the fact that boron has two 
otopes of masses 10 and 11 in the relative 
umounts 0.20 and 0.80. Consequently, in poly- 
atomic ions many different combinations of boron 
sotopes and hydrogen atoms contribute to the 
pectrum. The monoisotopic spectrum of each 
sotopic configuration must first be evaluated and 
then all contributions with like numbers of hydro- 
ren atoms summed to give the spectrum that one 
would obtain if there were only one isotope. To 
lo this an accurate value of the isotope ratio 
ust be found by trial that will give self-consistent 
sults. Another paper on the mass spectrum of 
borane has applied this method of analysis. 


kK. 8. Pitzer, J. Am. Chem. Soc. 67, 1126 (1945 
H. Bauer, Chem. Rev. 31, 43 (1942). 
\. H. Dibeler and F. L. Mohler, J. Am. Chem. Soc. 7@, 987 (1948 


II. Experimental Details 


The mass spectra were obtained with a 180 
Consolidated mass spectrometer using automatic 
emission control and thermostatic control of the 
245° C 
Mass spectra have been measured at 50 and 70 vy 


ionization chamber temperature at 
ionizing voltage. Spectra were obtained with 
constant magnetic field for the mass range 10 to 
64 and a lower field for 1 and 2. 

The B;H, was prepared under the direction of 
Roman R. Miller of the U. S. Naval Research 
Laboratory. A freezing point determination by 
J. T. Clarke and H. L. Johnston of Ohio State 
University indicates a purity of 99.97 percent 
informal communication). The material was 
stored at —78° C until it was used. The sample 
was held at liquid nitrogen temperature, and any 
volatile vas pumped off before admitting to the 


mass spectrometer. 


III. Results 


Table 1 gives the mass spectrum of B,H, at 50 
and at 70v ionizing voltage. lon intensities are 
relative to the maximum peak at mass 59 taken as 
100. Four of the mass peaks come from doubly 
charged ions, and all the other peaks are due to 
singly charged 1ons. There are no metastable 
transition peaks. 

From statistical considerations, the relative 
abundances of ions having various combinations 
of B® and B" atoms in radicals containing from 


| to 5 boron atoms are given by the separate 
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Tarrie lI Vass spectrum of BsH, 
Relative intensities Relative intensities 
me me¢ 
) volts 70 volts 5) volts 70 volts 
1 4.12 71 iY 22 
2 Ww. 4 15.8 s 1. 26 1.24 
‘ Os 0. 7s 
Ww 6.12 su ) a os 
ll 4 5 41 va) ” 
12 7.17 2 42 1. 45 1.72 
13 16. 2 Is. 6 i 5. is 6.03 
44 13.2 13.7 
» 0.08 4 20 21 
21 om ‘ " 2.0 0 
22 sh 14 ‘7 7 wo 
p<] 2. 9S “ is 2.6 32 
a4 7v 41 iv so 55S 
2 2. 28 2.2 ") 2 5. BS 
P 114 4 0.31 O44 
27 1.7 PL 2.31 2 
ez; ot Os Ww isS 
2s s ‘7 4 25. 1 24. 1 
. el) 7.0 4 
on ; a su Ss. 7 
>) 12 "i 7.1 41 
4 “ s iat wi. 7 
l a4 ‘ li) 1M 
2 ~ 2 ir 70 m J 
To tw A7_S8 “1 
! 4. ma 2 Hi.4 77.8 
wg “il 61.1 
' “4 " tt 1 is. 7 


® Doubly charged ior 


terms in the binomial expansions of (2£+y)", 
where “n’’ takes integral values from 1 to 5, and 
x and y are the fractions of B® and B'"* Table 
2 lists the terms in the expansions for n=1 to 5, 
and for z=0.20 and y=0.80. The numbers 
0.20 and 0.80 were found by trial to give the best 
fit. lons containing the same number of boron 


TARLE 2 Statistical distribution for B™ and B™ atoms 


in tons containing one to five boron atoms * 


B 
0 l 2 ‘ 
B 
} a0 iH ~) 0.16 0. 082 
1 soo 200 ,m) 2 Mh t4 
2 moo a 40 l t] 12 
3 ) | 0). 06 48 
4 hu Hw) 
® The first row gives the number of B atoms in a molecule, and the first 
column gives the number of B'' atoms. Diagonals from lower left to upper 


right give the distribution of B and B'' in molecules containing five, four, 


three, etc., boron atoms, 


* The small correction due to opes is omitted. 
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atoms will have the relative abundances given 
along the diagonals running from lower left to 
upper right. It is possible with the aid of table 2 
to calculate the monoisotopic spectra from th: 
mixture spectrum by starting at the heavy mas 
end and computing the contribution of each ior 
to each value of m/e. 

Table 3 gives in the first and second column 
the B; part of the 50-v mass spectrum of B,H 
and illustrates the computation of the monoiso 
topic spectrum. The peak at 64 comes entirely 
from the molecule ion B!H,*. From the lowe: 
diagonal of table 2, the six B;H, isotopes have th 
relative abundance 64=1.0, 63=1.25, 62=0.625 
61=0.156, 60=0.0195, 59=0.001. Multiplying 
49.1 by these ratios gives the contribution of B,H 
to the mass peaks 64 to 59 shown on the lowe: 
diagonal of table 3. Subtracting the B;H, con- 
tribution from the 63 peak gives the BiH, 
contribution as 0.12, and multiplying this by th 
above ratio gives the B,H, contributions to peaks 
from 63 to 58. Subtracting B?B'H,+B’B'H, 
contributions from the 62 peak gives the value 
45.56 for the ion B!H,, ete. When this com 
putation is repeated for each peak down to 55, 
the complete B. spectrum should be accounted 
for and the residuals on peaks 51, 52, 53, and 54 
afford a check on whether the correct isotope ratio 
has been used. These are all less than the experi- 
mental uncertainty. Contributions of all isotopes 
along each diagonal are then added to give the 
monoisotopic spectrum in the last column. A 
large residual, 3.25, on the mass 50 peak is assumed 
to be Bi'H,, and starting with this value the 
contributions of the various B, ions are computed 
in the same way as for B,; ions using the values of 
table 2 along the second diagonal from the bottom 
for the relative isotopic abundances of ions con 
taining four boron atoms. Sumilarly, the entire 
spectrum omitting doubly charged ions can bi 
computed. Each group of ions with one, two 
three, four, and five boron atoms affords one ot 
more checks on the correctness of the analysis, 
and these check values are tabulated in table 4 
for the mass spectrum at 50 volts ionizing voltage 
An agreement within 0.2 percent of the maximun 
peak is entirely within experimental error, and i! 
is only on the mass 10 peak that the discrepanes 
seems to be definitely greater than the exper! 
mental uncertainty. This is discussed in th 


following section. 
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TABLE 3 The B portion of the BsHs spectrum at 50 volts 


M onoisot 
M ixture 
spectrum 
Bi He BvB'H, BiB, 
4) 1. 26 
l 0.31 
2. 31 
o2 7.9% 
{ 25. 1 S7 6. 80 
0 12 70 13. 60 s 
“ +9 10. SS lt l &. 30 
47.1 l 7 16. 61 7. 08 
s His. 6 13. 20 14. 16 1.78 
’ 100) 1! 7¥. 57 1.93 
4 17.0 ‘ ty 3. 8&7 28.49 
‘ ‘ s 10 MH. 95 0. 08 
‘ 76.4 5. 4 0.15 0. 69 
t fil 0.12 61.38 
64 49.1 49.1 


sumes integral values from zero to nine, reading dow 


The four peaks of table 1 ascribed to doubly 
charged ions come from ions of masses 55, 57, 58, 
and 59. The small residual on the mass 30 peak 
table 4) indicates that ions B,H,** 
or very improbable and that the peak at 29.5 is 
largely B!H,* On this basis one can compute 
the monoisotopic doubly charged spectrum. The 


are absent 


computations indicate that the 29 peak is entirely 
composed of doubly charged ions and the 28 peak 
is largely singly charged. The 27.5 peak can be 
either Bi'** or BYUB'’H**, but the absence of a 
26.5 peak favors the latter possibility. 

Table 5 vives the monoisotopic spectra of B.H, 
computed as illustrated in table 3, on the basis of 


| BL 4 Sum ary oj check points lo the mass spect “me 
of BH, at 50 volts ionizing voltage 


Mixture peak 


’ Observed Calculated 
a» 0 4 
| zl 0.2) l 
w) 0.08 ol 
‘1 17 
| $2 baal) 4 
4) hs ol 
4] 2 » 
12 1.45 is 
4 Mi 1 
} 0.31 oO. 2 
2 2.31 2.20 
92 uw 
i 25. 1 25. ( 
ated for al lances B 0.20, B OS 


Mass Spectrum of B.H, 


illustrating computation of the monoisotopic spectrum 


opic spectra * 
SBsH, 
BY’B!'H, BiB" H, BH, 

0.012 38.7 
0, 25 O10 3.2 
1. 98 21 ols 410.8 
1.70 a) 013 40.5 
2.09 2b Ol 4.60 
2. 07 22 O62 194. 2 
1.77 1, 24 003 9. 5 
0.04 0. 06 044 139. 0 
0. 48 SY 0.4 
7.12 003 O48 149.9 

0.02 ” 


n the column 


the B;H, ion equal to 100 and includes the doubly 
The B,H, contribution is too small 
to be significant. If the ratio B'/B" were taken 
as 0.2505 instead of 0.2500, the computations 
would give B;H,=0 at 
change in the residuals used to check the compu- 


charged ions. 


50 v with no significant 


tations. The B,H,* peak is not negligible but 


TABLE 5 Vonoisotopic mass spectra of RsH, 


Relative intensities 


lon lor 
“) volts 70 volts ”) volts 70 volts 
H 21 (M B 61 { 
H S. 2s BH fh 
BH 2 12.8 
B is 0.7 BH 14 4.1 
BH ‘ BH 2.8 ( 
BH { 2.2 BH 6.09 i. 74 
BH ‘ ‘ 
B ‘ 
Boll s i B a 4 
BoH 2. 22 2 PH 7.1 
BoH 1. “2 4 PH 21.4 a 
BoH 0.2 27 BH a9 Is 
KoH 2 2s Blt 17.8 x4 
BH ( 0. 39 BH ) m 
Bil 4 S. tit 
B ‘ Bt i 
BH iv Bil 2 
Ball t th, Se Bel s 
BH H 
BA 2 8 2¢ 
BH ‘ 4 ; houbly-ct ed 
By s s 
BH a 
BH ( 
BH ‘ ‘ 
RH 
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could be aseribed to a trace of nitrogen wu the 
pentaborane. In view of the precautions taken 
to pump out noncondensible gases, the evidence 
for BH is considered probable but not certain. 
It is not diborane, as this would give a much 
larger BLH,* peak 

The H.* ion is much more abundant than in 
hydrocarbons, but it definitely does not come from 
hydrogen in the sample Thermal dissociation 
in the ionization chamber may account for a small 
part of this, but much less H,* was found in the 


less stable compound, diborane 


IV. Discussion 


The mass spectrum of BH, gives no definite 
information concerning the structure of the mole- 
cule. The high probability. of ionization with 
loss of 2H or 4H ts consistent with the view that 
four hydrogen atoms are loosely bound in “pro- 
tonated double bonds”, and the relative abundance 
of B. ions ts suggestive of a stable 5-membered 
ring structure. However, there is no sound basis 
of comparison, as the spectrum is unlike that of 
C ring compounds and also unlike that of dibo- 
rane, the only other hydroboron that has been 
studied In contrast to B.H,, diborane gives a 
very small molecule ion peak, and loss of H_ to 
vive BH is the most probable ionization prod- 
uct. The very small probability of losing one 
or three hydrogen atoms from B;H, compared 
with loss of anv other number from two to nine 
is an unusual feature. Also, the absence of a 
B.H,** ion is quite unlike all C, hydrocarbons. — In 


WasuHineton, April 7, 1949 
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most hydrocarbons ionization with loss of hydro- 
gen atoms is more of a random process with cer- 
tain processes favored but not to the extent of 
almost complete exclusion of a particular ion. 

The analysis of the polvisotopic spectrum gives 
a value of the isotope ratio of B'/B'=0.2504 
0.002. This is in very satisfactory agreement with 
other values obtained in this laboratory. Samples 
of BH, from two different sources gave B’/B" 
0.251 and 0.256, whereas the mass spectrum of 
BF, gave 0.250. These values are not in good 
agreement with the carefully measured values of 
Inghram * using the BF, spectrum and B° of 
B(OCH,);, which both give BY’) B'=—0.232. The 
diserepaney ts far beyond any experimental errot 
and indicates a large difference in isotopic abund- 
dances in boron from different samples. 

In the summary of check points, table 4, there 
is a significant discrepancy between the observed 
and calculated values for the mass 10 peak. This 
can be explained by the hypothesis that the prob- 
ability of breaking a bond to B" is slightly differ- 
ent from that for B'. The heights of B, BH, and 
BH, peaks at 50 v give a value of B'’/B" 0.26 as 
compared with 0.250 for the rest of the speetrum 
This indicates that breaking a B" bond is slightly 
more probable than breaking a B'" bond. A 
similar effeet is well established in the case of C 
and C’ bonds in hydrocarbons.° In propane 
ionization, breaking a C™ bond is 20 percent more 
probable than breaking a C'™ bond 





M.G. Inghram, Pt Rev. 70, 653 (194 
O. Beeck, J. W. Otvos, D. P. Stevenson, and C.D. Wagner, J. Ct 
rt 16,2 Ms 
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Effect of Chromium Plating on the Endurance Limit 
of Steels Used in Aircraft 


By Hugh L. Logan 


Chromium plating reduced the endurance limits of both normalized and hardened 
quenched and tempered) SAE X4130 steels; the reduction was larger for the hardened steel. 
The endurance limits for steel of a given hardness decreased with increased plating bath 
temperatures. Baking of the plated steel, at temperatures up to 350° C, reduced the 
endurance limit; baking at 440° C increased the endurance limit of the plated steel. How- 
ever (for hardened steel) baking did not restore the endurance limit to that of the unplated 
steel. Damaging effects of chromium on the endurance limits of plated steels are attributed 
to stresses in the chromium and/or steel, which are increased by low temperature baking 


but are relieved in part by baking at 400° to 440° C 


I. Introduction hardness of the steels plated, (3) current densities 
and temperatures of the plating baths, (4) surface 





During the period of 1930 to 1936 the Bureau ' : 
of Acronauties, Navy Department, submitted for grinding of the chromium after plating, and (5) 
eXamination a number of chromium-plated hol- interruptions of the plating ates 

low-steel airplane propeller blades that had failed \ second phase of the INVEStIgation Was & Sys- 
by fatigue in service. Preliminary fatigue tests tematic study of the effect of heating on the 
endurance limit of specimens of chromium-plated 


X4130 steel. If the decrease in the endurance 
limit of the plated steel is attributable to the large 


n the laboratory confirmed conclusions, based on 


the examination of the propeller failures, that the 


endurance limit of the steel was materially 
reduced by chromium plating. In addition to the quantities of hydrogen evolved at the cathode 
plating of propeller blades and other parts for pro- during the process of chromium plating, then it 
lective purposes, manufacturers and maintenance appears that the endurance limit may be increased 
hops were exploring the possibilities of reclaim- by the removal of hydrogen by heating. How- 
ng by chromium plating worn and = undersize ever, Swanger and France [1]! found yy heating 
7 a ' spee ns for 5 ‘ss at 350 ‘ S2 r) 
parts. These considerations prompted the Bureau the specimens for 5 hour no ‘ 

reduced the endurance limit of the plated steel to 


about 70 percent of that of the plated but unheated 
material. Wiegand and Scheinost [2] also re- 
ported that heating of chromium plated steel at 


of Aeronautics to support an extensive investiga- 
on conducted by the National Bureau of Stand- 
ards on the effeet of chromium plating on the 





endurance limits of steels used in aircraft 
Two steels designated SAE X4130 and 6130 


ere used in the investigation However, most 


250° C deereased its endurance limit. Other 
workers have spot checked the effect on the en- 
f the tests were made on X4130 steel. heat duranece limit of heating chromium-plated steel. 
reated to a hardness of about Rockwell 40-C, However, no systematic study of the effect. of 
heating had been made 

\ theory has been developed to explain, at least 


in part, the effects of chromium plating on the 


vith an ultimate tensile strength of approximately 
80,000 Ib ins 


The first phase of this study provided for the ) 
letermination of the effects of chromium, as endurance limit of the steels studied 


plated, on the endurance limit of the steels. The , mee 
ariables studied were: (1) plate thickness, (2 pape 


Endurance Limit of Chromium Plated Steel 101 














Publication of this material, including data cir- 
culated during wartime in reports [3] that at that 
time were restricted but have since been declas- 
sified, has been approved by the Bureau of Aero- 
nautics, sponsor of the investigation. 


II. Materials 


The materials, from which the specimens for 
this investigation were machined, consisted of 
three lots of SAE X4130 rod and one lot of 6130 
rod. The compositions of these steels, as de- 
termined by chemical and spectrochemical analy- 


ses, are shown in table 1. 


TABLE 1 Composition of steels 


i ¢ Percent Percent 

Carbor ow 0.33 0.30 
Manganese 17 til 
Phosphorus ol w2 Ts as 
Sulfur LP 2 ol (4 
Silicon 2 2 a4 25 
Chromiun ws ") 1. 05 Lol 
Moly bdenun 9 a4 Om 

Vanadiun 0. 22 
Nickel Vy 


Not determined 


Lot A of the X4130 steel was supplied by the 
Naval Aircraft Factory in two heat-treated con- 
ditions, normalized to Rockwell hardness number 
B-89, and quenched and tempered to Rockwell 
C-39. The 6130 steel was also supplied by the 
Naval Aircraft Factory but only in the quenched 
and tempered condition, Rockwell C-33. The 
other lots of X4130 rod were heat-treated at the 
National Bureau of Standards; they were quenched 
in oil from 1,575° to 1,600° F and subsequently 
tempered to approximately Rockwell C—40 

Typical microstructures of transverse sections 
of the steels are shown in figure 1. \ longitudinal 
section of the normalized X4130 steel (not illus- 
trated) showed definite indications of banding and 
segregation, which are not unusual for this type 
of steel 


III. Specimens and Test Methods 


1. Preparation and Testing of Specimens 


Specimens for the fatigue tests were of the usual 
“R. R. Moore type” [4] with nominal diameters 
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Ficure 1 Typical microstructures of transverse sections 


of steels inve stigale d 


A, normalized X4130 steel, x100; B, Quenched and tempered X4130 
teel, 1500; C, quenched and tempered 6130 steel, 1500, All etched 


l percent Nital 


of 0.30 in. in most cases; however, 0.25-in.-diam- 
eter specimens were used in some instances. 
Computation of the stresses in the outer fibers of 
the specimens, and hence the endurance limits, 
were based on the diameters of the specimens 
prior to plating. Diameters of all specimens 
machined at this Bureau were determined, before 
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TABLE 2. 
SAF Steel Rockwell specimens 
Ne lot Ment tooatment hardness |, Ducbaree 
Or plating t 
X 4130 4 8o-B NAI 
X 4130 A su-B lo 
X 4150 \ -C 
X 4130 \ Cc i 
6130 3-C lo 
6130 <a lo 
X 4130 B H-¢ NBS 
Oil quenched from 1,575 to 
X 415 ( H-( kk 
1600° F. drawn at 900 to 
X 4130 ( 5° | Ho i 
yo 
X 4150 ( . H-( do 
Includes heat treating, machining, and usually polishing 
Iw out f specimens had been plated to a thickness of about 0.008 ir 
with about 0.001 in. of plate subsequently removed by grinding 


and after plating, with a dial gage comparator 
reading to 0.0001 in. 

Prior to the final polishing, the specimens pre- 
pared at this Bureau were ground with a Norton 
Subsequently these grind- 


“38” alundum wheel. 


ing marks were removed with metallographic 
polishing papers by one of the following methods: 
a) circumferential polishing of specimens in a 
lathe for fixed periods, determined by experiment 
to be sufficient to remove grinding marks or marks 
of coarser papers previously used (papers used 
were Behr-Manning emery 1, Aloxite 400, Behr- 
Manning emery 1/0 and 2/0); or (b) longitudinal 
polishing of specimens using Aloxite 400 paper 
followed by the Behr-Manning emery 1 0 polishing 
paper in the form of belts mounted on a rubber- 
backed wheel. In some instances commercially 
available coarse and medium emery-impregnated 
ibber wheels were used in place of the abrasive 
paper belts. 

A few of the mechanically polished specimens 
vere subsequently polished electrolytically as fol- 
lows: Specimens were made the anodes in a bath 
containing 50 percent by volume of concentrated 
HLSO, and 
H,PO,; a current density of 250 amp ft? was 


naintained for 5 minutes; the temperature was 


50 percent by volume of 75 percent 


122°C. This reduced the diameters of the speci- 
mens by 0.0004 to 0.0006 in. Details regarding 
the preparation of the fatigue specimens are given 
n table 2. 

Fatigue tests were made in R. R. Moore type 
otating beam fatigue testing machines operating 
t 1,800 or 3,600 revolutions per minute with 
tresses generally applied in increments of 1,000 


Endurance Limit of Chromium Plated Steel 


S45576 ‘BT 


Details of preparation of specimens used in the investigation 


Specimens remper Plating Non » tiatedes 
chromium cot aioe current wt — — 
plated by ah density ti 
( amp/sq. ft in 
NA} 5 200 0.0001; 0.001; 0.004: 0.009 2 
1 70 1, 000 O.0001: 0.001: 0.004: 0.000 
1 aw) 0.0001; 0.001: 0.004: 0.009 
1 70 1, 000 O.0001; 0.001; 0.004: 0.009 
do AS a0 0.0001; 0.001: 0.004. 0.0090 
| 70 1, 000 0.0001: 0.001: 0.004: 0.009 2 
do 70 1000 0.0049 
NBs 70 1,000 0.009 
do 55 wo O.001° 0.005; O.O10; 0.017 
do a) 700 0.010 
One of these groups was stated to have been plated to a thickness of 0.010 in 
lb in?. Generally, eight to ten specimens were 


required to obtain the endurance limit in any one 
that 10,000,000 or 


more cycles without failure were considered to 


case. had run 


Specimens 


have been stressed at or below the endurance 


limit and were removed from the machines. 


2. Electroplating of Specimens 


Specimens were plated at the National Bureau 
of Standards by personnel of the Electrodeposition 
Section. The process prior to plating was as 
follows: Specimens were cleaned by scrubbing 
with fine pumice powder and rinsed thoroughly 
with water. The light oxide film that formed 
during the time required to assemble the speci- 
mens in the plating rack was removed by dipping 
for a few seconds in 20-percent hydrochloric acid 
solution. The 
placed in the chromium plating 
minute at the 
After the anodic treat- 


immediately 


specimens were again rinsed, 


solution, and 
made anodic for 1 same current 
density used in plating. 
ment, full plating current was 
applied 

The plating electrolyte contained 250. g liter 
of CrQ, HSO,. 
were plated at three different bath temperatures 
and current densities. A bath temperature of 
55° C and a current density of 350 amp/ft’ were 
selected as condition, they 
within the range (45° to 60° C. and 70 to 450 
amp ft?) generally used in industrial chromium 
A temperature of 70° C and a current 
1,000 amp ft? were employed for the 


and 2.5 g liter of Specimens 


one because were 


plating. 
density of 
second condition in order to check certain results 
this investigation on 


previously obtained — in 
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Ficure 2 


Data obtained on specimens plated at NBS are shown by curve A and points 


specimens similarly plated at the Naval Aircraft 
Factory. A bath temperature of 85° C and a 
current density of 700 amp/ft*? were selected for 
the third condition, since chromium deposited in 
this way is supposed to be subject to less contrac- 
tion when heated than is chromium plated under 
the other conditions, and it appeared advisable 
to determine the extent to which this factor might 
affect the endurance limit of the steel. 

In order to determine the effect of interrupted 
plating on the endurance limit, two sets of speci- 
mens were plated to the same final thickness; 
one set was plated continuously and the other by 
an interrupted operation. Plating was resumed 
following the interruption only after the employ- 
ment of the proper commercial technique for 
plating chromium on chromium; this involved a 
short reversal of the current and the gradual in- 
creasing of the current from a low value to the 


plating current 
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Relationship between the endurance limits and plate thicknesses of X 4130 and 6130 steels. 


Dand E. All other data were obtained on specimens plated at the NAT 


No information was provided by the Naval 
Aircraft Factory as to the surface preparation, 
after the final machining and prior to plating, of 
fatigue specimens prepared at that agency. The 
composition of the plating bath used by the Naval 
Aircraft Factory in plating of fatigue specimens 
was the same as that used at this Bureau and 
described above; specimens were stated to have 
been plated in a bath maintained at 55° C at a 
current density of 2090 amp/ft? and at 70° C and 
1,000 amp/ft’. 


3. Heat Treatment of Chromium-Plated Specimens 


Some specimens were heated in oil at about 
10° C, 
or in N-butal phthalate at 297° C. 
mens were heated to temperatures up to 200° C 
in an electrically heated laboratory oven, with 
forced air circulation, thermostatically controlled 
to +2°C. Temperatures of 300°, 350°, 400°, and 


in boiling ethylene glycol at 193° C, 
Other speci- 
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140° C, controlled to +3° C, were obtained with 
in electrically heated tempering furnace with 
orced air circulation. 


IV. Results and Discussion 


|. Effect of Chromium Plating on the Endurance 
Limits of SAE X4130 and SAE 6130 Steels 


(a) Normalized X4130 Steel 


The results of fatigue tests on the normalized 
X4130 steel (heat A) are given in table 3 and shown 
rraphically in figure 2. The decrease in the endur- 
ance limit of the normalized steel caused by chro- 
mium plating was generally small; the minimum 
endurance limit of any group of plated specimens 
was 75 percent of the endurance limit of the un- 
plated steel. This value was obtained on speci- 
mens plated to a thickness of 0.001 in. at a current 
density of 1,000 amp/ft®. Most sets of specimens 
had endurance limits ranging from 83 to 95.5 
percent of that of the unplated steel. Specimens 
plated in the bath at 55° C and a current density 
of 200 amp/ft* had endurance limits equal to or 


greater than those plated at 70° C and 1,000 
amp/ft? 


(b) Quenched and Tempered SAE X4130 Steel 


The results of fatigue tests on quenched and 
tempered SAE X4130 steel (lots A, B, and C), 
hardness approximately 40 Rockwell C, bare, and 
plated to various thicknesses under various plating 
conditions are given in table 3. Most of the data 
are also shown graphically in figure 2. The en- 
durance limits of the quenched and tempered 
steel specimens were reduced much more by chro- 
mium plating than were those of the normalized 
specimens (hardness, Rockwell 89-B). The maxi- 
mum endurance limits of specimens plated to a 
thickness of 0.008 to 0.010 inch at a bath tempera- 
ture of 55° C and tested as plated were 68 to 69 
percent of that of the unplated steel. Endurance 
limits of the specimens in general decreased with 
increased bath temperatures. Specimens plated 
at 70° C to the same thickness as those plated at 
55° C and discussed above had endurance limits 
40 to 48 percent of that of the unplated steel, and 


TaBLe 3. Endurance limits of unplated and chromium-plated steels 


Nominal plating thickness 


Steel 
0 inch 0.0001 inch 0.001 inch 0.004 inch 0.009 inch py bog 0.017 inch 
PLATED AT 70° C—CURRENT DENSITY 1,000 AMP FT? 
Normalized X4130. Hardness, Rock- Thin?  thiin2 th/in2 thiin2 1 thiin? Qq lhiin2 si lhiin2 % 
well 89-B_ _. 44,000 36, 500 &3 33, 000 78 7, 000 4 40, 000 | +8, 000 SO) 
() & T 6130. Hardness, Rockwell 33-C_ 83,000 48, 000 is 47,000 ? 51, 000 él 55, 000 tit) 55, 000 ti 
« & T X4130. Hardness, Rockwell 39-C_ 93,000 59, 000 63 61,000 ti 50. O00 "4 45, 000 4s 58, 000 62 
PLATED AT 55° C—CURRENT DENSITS 200 AMP/FT? 
ormalized X4130 Hardness, Rock 
well 8O-B 44,000 17, 000 s4 41,000 43 42,000 @5. 5 40, 000 91 45, 000 102 
)& T6130. Hardness, Rockwell 33-C &3.000 «664.000 77 65, 000 7s 60. 000 72 “4, 000 “7 61.000 74 
& T X4130 Hardness, Rockwell 
¥-C to 40-C 93. 000 73. 000 7a 69, O00 74 67.000 “2 44.000) ‘4 65.000 70 
PLATED AT 55° C-CURRENT DENSITY 35% AMP FI 
& T X4130 Hardness, Rockwell 
u-C to 40-4 u3. 000 6, 000 71 64.000 ov 61.000 mw 
PLATED AT 85° C CURRENT DENSITY 700 AMP F1 
& T X4130 Hardness, Rockwell 
w-C to 40-C 93, 000 10, 000 11 
Percentage of unplated steel 
ndurance Limit of Chromium Plated Steel 105 





those plated at 85° C only 11 percent of that of 
the unplated steel 

Endurance limits of specimens of the quenched 
and tempered steel, plated at the Naval Aircraft 
Factory (table 2), generally decreased with in- 
creased plate thickness (fig. 2, curves B and C). 
There was no significant change in endurance 
limit with increased plate thickness for specimens 
plated at 55° C at the NBS (fig. 2, curve A 
Plating at this Bureau in the bath at 55°C was at 
a current density of 350 amp ft as compared to a 
current density of 200 amp ft at that temperature 
at the Naval Aireraft Factory. Specimens plated 
by the Naval Aireraft Factory to a thickness of 
approximately 0.009 in. at 70° C, current density 
1,000 amp ft’, had a 14-pereent higher endurance 
limit than specimens plated under the same con- 
ditions at this Bureau. Curve C, fig. 2 repre- 
sents Naval Aircraft) Factory specimens, and 
point JJ, National Bureau of Standards specimens 

There was no significant difference in the en- 
durance limits of two sets of specimens, both 
plated to the same final thickness under similar 
conditions, of which one was plated continuously 
and the other by an interrupted operation. 


(c) Quenched and Tempered SAE 6130 Steel 


The results of fatigue tests on the quenched and 
tempered SAE 6130 steel (hardness Rockwell 
33-C), bare and plated to various thicknesses at 
current densities of 1,000 and 200 amp/ft®, are 
given in table 3 and are shown graphically in 
figure 2. 

Endurance limits of specimens plated at 70° C 
increased as the plating thickness was increased 
above 0.001 in.; on the other hand, the endurance 
limits of specimens plated at 55° C decreased with 
increased plate thickness above that value. The 
endurance limits of specimens with 0.009-in. thick 
plating were approximately the same for both sets 
of plating conditions and amounted to 66 to 67 
percent of that of the unplated steel. Specimens 
plated to thicknesses of 0.0001 and 0.001 in. had 
endurance limits of 77 to 78 and 57 to 58 percent 
of that of the unplated steel for bath temperatures 
of 55° and 70° C, respectively 

The data obtained on the ground and unground 
specimens having approximately the same final 
plate thickness (0.009 in. 
that the ground specimens had endurance limits 


in general, indicated 
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equal to or greater than those of the ‘tas plated”’ 


specimens (table 3). 


2. Effect of Heating on the Endurance Limit of 
Chromium-Plated X4130 Steel 


The results of fatigue tests on specimens of lots 
B and C of the SAE X4130 steel, chromium plated 
to thicknesses of 0.001 to 0.017 in. and subsequent 
ly baked at temperatures ranging from 100° C to 
140° C, are given in tables 4, 5, and 6; some of the 
data are shown graphically in figures 3 and 4 
The endurance limits of these specimens reached 
a minimum value for temperatures between 193 
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d 300° C; at higher baking temperatures the 


durance limits increased, and at temperatures of 


140° C exceeded those of the unbaked 


ited specimens 


0° and 
The endurance limit of one set 
193° C 
is 27 percent of that of the unplated steel (table 


specimens heated in air for | hour at 


The endurance limit of specimens heated in 


hylene glycol at 193° C was somewhat higher 
an that of specimens heated in air and was inde- 
ndent of the time specimens were held at the 
king temperature. Specimens plated to a thick- 


‘ndurance Limit of Chromium Plated Steel 


X4130 steel 


ness of 0.002 in. 





and heated for 1 hour at 440° C 


had an endurance limit as high as 87's percent of 
that of the unplated steel compared to 68 to 69 


percent for unbaked plated specimens. 


However, 


the endurance limits of the plated specimens heat- 


ed 1 hour at 


140) 


C decreased as the ratio of the 


cross-sectional area of chromium plating to steel 
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increased, reaching values less than for the unbaked 
steel for very thick plating. 

The endurance limit 
electrolytically prior to plating and tested without 


of specimens polished 
subsequent heating was lower than that of me- 
chanically polished specimens (table 6). However, 
the endurance limits of the plated and heated 
independent of the original 


specimens were 


surface preparation prior to plating. 


3. Discussion of Causes of Effects of Chromium 
Plating on Endurance Limits of Steels 


Three possible explanations for the fact that 
the endurance limits of the steels were reduced by 
the chromium plate have been proposed: The em- 
brittlement due to hydrogen ; cracks in the chro- 
mium plate at which stress concentrations occur; 
and the presence of residual stresses in the chro- 
mium or steel or both as the result of the plating 
It is of course recognized that these factors may 
be interrelated and possibly be manifestations of 
one another. 

It is well known that the plating efficiency for 
depositing chromium is low, approximately 15 to 
20 percent of the current being used to deposit 
chromium. Large quantities of hydrogen are 
produced at the cathode, and the chromium plate 
has been shown to contain as much as 128 volumes 
of hydrogen per volume of chromium [5, 6] 
Theories explaining the manner ino which the 
cathodic hydrogen is held in the chromium {7] 
have been proposed but are not pertinent to the 
Zaptte {[S] has explained 
brittleness observed in bend tests on wire plated 


discussion at this point 
with chromium as due to hydrogen. Brenner, 
Burkhead, and Jennings [9] showed that approx- 
imately O5 percent of the hvdrogen is removed by 
heating chromium at 450° C. These facts suggest 
that the 
specimens heated at 440° C is due to the expulsion 


improvement ino endurance limit of 


of hydrogen. However, specimens heated at 
200° C had in some cases only 50 percent of the 
endurance limit of unheated specimens, whereas 
data given by Brenner and coworkers showed that 
approximately half of the hydrogen was removed 
from the chromium by heating at 200° C. It is 
difficult, therefore, to see how the results of the 
fatigue tests reported here can be attributed 
directly to hydrogen embrittlement. 

At a magnification of 250 diameters, the sur- 
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faces of the chromium 
studied had a pebble-grained appearance. Th: 


° and 70° C also exhibited 


electroplated samples 
specimens plated at 55 
surface cracks having the appearance of grair 
boundaries (figs. 5 and 6). The eracks were les 
numerous in the specimens plated at 70° C tha: 
for those plated at the lower temperature. No 
cracks were found on specimens plated at 85° ¢ 

Metallographic examinations of longitudinal se« 

tions of the chromium-plated specimens at dis 
tances of 0.01 in. or more from the fatigue fractur: 
failed to reveal cracks penetrating through th: 
chromium, or to reveal cracks extending any ap 
preciable distance into the chromium from. the 
outer surface. There were, however, numerous 
inclusions and voids in the chromium. 

Mehr, Oberg, and Teres [10] reported that, in 
general, the number of cracks in a given area in 
Othe: 
observers [3] had noted that heating of the chro 


creased as the chromium plate was heated. 


mium plate ata temperature as low as 100° C 
tended to widen the cracks. The author found 
this crack-widening tendency to be more pro 


nounced as the temperature of heating was 


increased (fig. 7 

Bennett [11] has shown that notches reduce the 
endurance limit of normalized X4130 steel approx 
imately 20 percent and that fine cracks reduce the 
endurance limit by more than 50 percent. The 
presence of cracks in the chromium plated at 55 
and 70° C 


durance limits of steel specimens plated at thes: 


might explain the reduction in the en 
temperatures. However, no cracks were found in 
chromium plated at 85° C, and specimens plated 
at this temperature had the lowest endurance limit 
of any specimens tested. Furthermore, prelim- 
inary results of an investigation, now in progress, 
indicate that fatigue damage in chromium-plated 
steel specimens starts below the surface of th: 
chromium and does not appear to be associated 
with the surface cracks developed during thi 
plating of the chromium. It must be concluded 
therefore, that cracks in the chromium do not 
have the same effect on the endurance limit of 
specimens as cracks in the basis steel. 

It is well-established that residual stresses in a 
metal markedly influence its endurance limit 
The increased endurance limits, obtained by th 
shot peening [12] of steel parts, are believed to b 
the result of residual compressive stresses in thy 


surface of the metal. Conversely, residual ten 
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Fiaure 5 Surface of chromium plated on steel at 70 


rent density 1,000 amp ft? 


Areas bounded by sharply defined cracks are larger than those in chromiur 


C (see fig. ¢ Unetched, 1500 


Surface of chromium plated on steel at 55° C 


current density 200 amp/ft?). 


Unetched, x500. 





Figure 7. Cracks in chromium plated at 55 


A, As plated; B, heated 1 hr at 193° C; C 


Endurance Limit of Chromium Plated Steel 


> unete hed, r250. 


at 440°C, 
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sile stresses in the surface lavers of the specimens 


are considered to lower the endurance limit of the 
material. Hume-Rothery [13] reported tensile 
stresses as high as 50,000 Ib in’ in electrolytically 
deposited chromium. Brenner, Burkhead, and 
Jennings [9] reported that the residual tensile 
stresses in chromium plated to a thickness of 
$< 10-* in. inereased from approximately 15,000 
lbin.? for a bath temperature of 50° C to over 
60,000 Ib/in for chromium plated from a bath at 
85° CC. The endurance limit of specimens plated 
at 55° C was higher than that of specimens plated 
at 70° C and very much higher than that of speci- 
mens plated at 85°C This is to be expected if the 
internal stress in the chromium plate increased 
with the temperature of the plating bath in ae- 
cordance with Brenner's findings 

The formation of cracks in chromium plating is 
usually attributed to the rupture of the deposit as 
the result of high residual tensile stresses [9]. 
The presence of cracks in the chromium, therefore, 
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indicated at least partial relief of residual stresses 
Specimens having the largest number of cracks 
per unit area, discussed above, would be expected 
to have the lowest residual stresses, and the resid- 
ual stresses would be greater as the cracks per unit 
area decreased (and as the plating temperature 
increased). 

Hidnert [14] showed that an electrodeposited 
chromium specimen, on the first heating to 500° C, 
decreased in length and that during the cooling to 
room temperature it continued to decrease in 
length. The net decrease in length amounted 
to 1.1) percent Hidnert’s results showed an 
inflection in the heating curve at about 300° C 
Preliminary results of a current investigation by 
the author indicate that there is an inflection in 
the temperature-electrical resistivity curve at 
about this same temperature. Hidnert did not 
give any data for specimens heated to 200° C 
and cooled to room temperature. In the present 
investigation, the densities of tubes of chromium 
were determined for each of the following con- 


ditions: “as deposited,” after heating at 193° C 


n boiling ethylene glycol and after a second 
heating in helium at 440° C. The densities were 
6.95 ¢em*® as plated, 7.01 g/em® after heating 
at 193° C, and 7.09 g/cm * after heating at 440° C 
Brenner [9] indicated that changes in the volume 
of chromium on heating were isotropic. Hence, 
heating at 200° C would tend to reduce the 
volume of the plated chromium. If the chromium 
was restrained from contracting, as for example 
bv being plated on steel, residual tensile stresses 
would be set up in the chromium that might be 
expected to lower the endurance limit. That such 
stresses do exist in chromium plated on steel is 
shown in figure 8, B and CC. Thin-walled steel 
tubes were annealed, pickled to remove seale, and 
chromium plated. Tube B, figure 8, was heated 
at 200° C for 6 hours, and a “tongue’’ was sub- 
sequently cut in the tube. The deflection shown 
indicated that there had been residual tensile 
stresses in the chromium. The tongue was cut 
in tube C after plating and was deflected only a 
small amount. Heating at 200° C, however, 
caused the chromium to contract in volume and 
produced the deflection shown. 
Heating of chromium at a temperature of 440° C 
produced, as indicated by the density data, more 
than twice the contraction obtained by heating 
at 193° C. It is suggested that if a chromium- 
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plated steel specimen is heated to 440° C, the 
concurrent expansion of the steel and contraction 
of the chromium stresses the chromium above its 
ultimate tensile strength at that temperature, 
consequently relieving the internal stresses at 
least in part. This is illustrated on figure 8, 
tube D, which was heated to 440° C for 1 hour, 
after plating, but prior to cutting of the tongue. 
In the figure, a “\,-in. ball is resting on the free 
end of the tongue, which is depressed below the 
surface of the tube. The tongue deflected so that 
the chromium was on its convex surface. This 
indicated that the chromium had_ been perma- 
nently elongated during the heat treatment due 
to expansion of the steel; there had been either 
plastic flow or fractures in the chromium or both. 

On the basis of the foregoing discussion, it is 
postulated that the residual tensile stresses in 
electrodeposited chromium are a major factor in 
adversely affecting the endurance limits of steel 
ipon which the chromium is plated. Heating at 
to 300° C 


the chromium; the underlying steel resists this 


temperatures of 100 tends to contract 


contraction, thus producing increased — tensile 
stresses in the chromium and further reducing the 
Contraction of the chromium 
and 440 


the expansion of the steel at these temperatures, 


endurance limit. 
during heating at 400 C, coupled with 
stressed the chromium beyond its ultimate tensile 
strength, produced permanent deformation, and 
hence relieved the stresses in the chromium to 
some extent with resulting Increases in endurance 


limits of the plated specimens so treated. 


V. Summary 


1. Chromium plating of SAE X4130 and 6130 


steels reduced the endurance limits of these 
materials, as determined in the rotating-beam 
iype of test. 

2. The endurance limits of these steels plated 
inder a given set of conditions generally decreased 
with increased hardness of the steel. For a steel 
(Rockwell 40-C), the re- 


luctions in endurance limit increased with in- 


f a given hardness 


reased plating bath temperatures. 

3. The endurance limits of specimens plated, 
nd subsequently surface ground, were equal to or 
reater than those of unground specimens having 
he same final plating thickness. Interruption 


Endurance Limit of Chromium Plated Steel 


of the plating process did not affect the endurance 
limit of the plated specimens, provided that proper 
precautions for plating chromium on chromium 
were taken before the plating was resumed. 

4. The endurance limits of specimens heated 
after plating and tested at 
reached a minimum value for a baking temperature 
between 190° and 300° CC. Endurance limits of 
specimens heated for 1 hour at 440° C 
significantly higher than those of the ‘as plated” 


room temperature 


were 


steel. 

5. Reduction of the endurance limits of steel 
by chromium plating is believed to be due, in 
part at least, to residual tensile stresses in the 
chromium. Heating of chromium increased its 
density and hence decreased its volume. It is 
postulated that heating at low temperatures in- 
creased the residual tensile stresses in the chromi- 
um; at sufficiently high temperatures, the con- 
current contraction of the chromium and = ex- 
pansion of the steel stressed the chromium above 
its ultimate tensile strength, thus relieving some 
of the residual tensile stresses in the chromium 
and increasing the endurance limit of the plated 


specimens. 
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Heats of Combustion and Formation of Cyclopropane' 
By John W. Knowlton * and Frederick D. Rossini 


The data of this investigation give Ali 


2091.38 0.54 absolute kilojoules (or 


199.85 + 0.13 keal) per mole, at 25° C for the heat of combustion of gaseous evelopropane 


in oxygen to form gaseous carbon dixoide and liquid water. With this value, the heat of 
formation of gaseous eyclopropane, from solid carbon (graphite) and gaseous hydrogen 
each in its thermodynamic standard reference state, is calculated to be A//f 12.74 

0.14 keal/mole, at 25° C. The heat of isomerization of gaseous evclopropane into gaseous 
propylene is caleulated to be A// 7.86 + 0.18 keal/mole, at 25° C. 


I. Introduction 


Two determinations of the heat of combustion 
of cyclopropane are reported in the literature. one 
by Thomsen [1] * in IS86 and one by Berthelot 
and Matignon {2} in 1893. The values differ by 
7.5 keal/mole or 1.5 pereent of the measured value 
Because of the increasing importance of cyelo- 
propane in science and industry, it was desirable 
to determine the heat of combustion of evclopro- 
pane with present-day apparatus and materials 
This report gives the results of measurements of 
the heat of combustion of cyclopropane and cal- 
culations of its heat of formation from the elements 
and its heat of isomerization to propylene 


I]. Unit of Energy, Molecular Weights, 
Uncertainties 


The unit offenergy upon which values reported 


inh this pauper are based is the absolute joule, 


derived from Inean solar seconds and absolute 


ohms and volts, in terms of which certification of 
standard resistors and cells is made by this Bureau. 
For conversion to the conventional thermochemical 


calorie, the following relation is used [3,4]: 
1 calorie = 4.1840 absolute joules. 


The molecular weight of water, the mass of 


Which was used to determine the amount of 


This investigation was completed in 1940, but the preparation of the re 
ults for publication was delayed by the transfer of the senior author to work 
the U. 8. Bureau of Agricultural and Industrial Engineering and the 


U.S. Bureau of Ming 

Deceased 

Figures in brackets indicate the literature references at the en 
paper 


reaction, Was taken as 18.0160 from the 1947 table 
of international atomic weights [5]. 

The uncertainties assigned to the various quan- 
tities dealt with in this paper were derived, where 
possible, by a method previously described [6] 


III. Method, Apparatus, and Materials 


The same method and apparatus were used as 
in the investigation on the heat of combustion 
of propylene previously reported by the same 
authors {7}. 

The evelopropane was prepared from commercial 
cyclopropane of anesthetic grade manufactured by 
the Monsanto Chemical Co. In this laboratory, 
the evyelopropane was purified by fractional cis- 
tillation with the same apparatus and procedure 
as was used for propylene {7}. The center half of 
the distillate was selected as the “best” portion 
The purity of this cyclopropane was determined 
from measurements of freezing points, according 
to a procedure previously deseribed 8.9.10], 
with the following results: freezing point of the 
actual sample, in air at 1 atmosphere, 27.53 
£0.01 deg C; ealeulated freezing point for zero 
impurity, in air at 1 atmosphere, 127.42-+40.04 
deg C; calculated amount of impurity, 0.00844 
0.0012 mole fraction. It is ealeulated that the 
effect on the heat of combustion of this amount 
of the most probable impurity, propylene, would 
be 0.005 percent. 

In the combustion of cyclopropane, the prod- 
ucts contained carbon monoxide in an amount, 
on the average, corresponding to 0.00028 + 0.00007 
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TARLeE 1 Calorimetric results of the electrical energy experiments for cyclopropane 
Energy equivalent calorim 
eter system 
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mole fraction of the total carbon This necessi- AR, k, K, U, electrical energy, mass of calorimetet 


tated a correction (see next section) of +-0.011 

0.003 percent to the observed heat evolved in 
the calorimetric combustion experiments in order 
to obtain the heat that would have been evolved 
had all the carbon appeared as carbon dioxide 
In the of 


water and carbon dioxide formed in the combus- 


eleven experiments in’ which masses 
tion were determined, with correction made for 
the 0.00028 mole fraction of carbon not formed 
the 
of the number of moles of carbon dioxide to the 


0.99989 


as carbon dioxide, mean value of the ratio 


water was with a 


0.00006, 


number of moles of 


standard deviation of 


IV. Results 


The experimental results on the determination 
of the energy equivalent of the calorimeter system 
which gives the fol- 
of per- 
maximum 


are summarized in table 1, 
the 
formed; the minimum and 


number experiments 


values of 


lowing data: 





water; and the energy equivalent of the calorime- 
ter system, the mean value of the energy equiva- 
lent of the calorimeter system and its deviation 
The symbols have the same significance as in 
earlier reports [7, 13]. 
The “ignition energy’’ was determined to be 
22.4 joules for a time of sparking of 10 see. 
of the 


combustion experiments are summarized in table 2, 


The experimental result calorimetric 
which gives the following data: the number of 
experiments; the minimum and maximum values 


of AR, k, kK, wv 


eter system (calculated from the mean value as 


, energy equivalent of the calorim- 
given in table 1, corrected to the actual mass of 
water in the calorimeter can in each experiment, 


and including one-half the mass of water con- 


densed in the reaction gas’ energy, “‘ vaporiza- 
tion” energy, mass of water formed; and the mean 
value of the heat of combustion in absolute kilo- 
joules/mole cyclopropane and its standard devi- 
ation 


Conversion of the observed mean value of the 
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heat of combustion to the value for the standard 
heat of combustion, with each substance in its 
thermodynamic standard state, involves addition 
of 0.05 kilojoules mole to the mean value of 

Alle given in table 2. This correction is taken 
to be the same as that for propylene [11]. Aec- 
cordingly, the present investigation yields for the 
standard heat of combustion at 25° C 


C,H, 


gas, cyclopropane)+4's O, (gas) =3CO, 
(gas) +3H,O (liquid 


AT e° 295.1 2091.38+0.54  kilojoules/mole — or 
199.85+0.13 keal/mole (1). 


Combination of the value in eq 1 with the 
values for the heats of formation of water and 
carbon dioxide [12] vields for the standard heat 
of formation at 25° C 


iC (solid, graphite) +3H.(gas) =C;H, (gas, eveclo- 
propane); 


AHP oca.11 12.74 +0.14 keal/mole. (2 


Combination of the value in eq 2 with the value 
for the heat of formation of propylene [11] yields 
for the heat of isomerization of cyclopropane into 
propylene: 


CH, (gas, cevelopropane) =C;H, (gas, propylene 
AIT? 99.1 7.86+0.18 keal/mole. (3 


Comparison of the results of the present inves- 
ligation with the data previously reported by 
Thomsen {1} and Berthelot and Matignon [2] 


is given in table 3. 
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TABLE 3 Com par son of the present with previous results 


on cye lopropane 


Heat com bus He valling —_ 
I tion of cvyelo ~o oo 
I ; t propre to | 
propane Alia pyler tH 
it2 D5° ¢ 
u le cal le 
Thom "4 > ¢ 
Berthelot and Matigne un 5 
I t 1044s s % 
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Influence of Strain Rate and Temperature on the Creep 
of Cold-Drawn Ingot Iron 


By William D. Jenkins and Thomas G. Digges 


\ study was made of the effects of variations in both strain rate and temperature on 


the creep characteristics in tension of cold-drawn ingot iron. 


The third stage of creep began 


without necking or without the presence of cracks of microscopic dimensions, but consider- 


able necking occurred in all specimens tested to fracture. 


The resistance to creep in the 


second stage and the resistance to fracture increased as the test temperature was decreased, 


The stress required to initiate fracture also increased as the strain rate increased. The 
general trend was for the ductility at fracture to increase with an increase in the strain rate 
and the plastic extension at fracture to decrease with an increase in temperature. 

The plastie extension at the beginning of the third stage was less than about | percent, 


except in specimens tested at relatively high strain rates or at a low temperature. 


I. Introduction 


The influence of strain rate and temperature on 
the mechanical properties of Monel and oxygen- 
free high-purity copper and the 
fracture during creep of these metals were dis- 


progress of 


cussed in some detail in a previous paper [1]. 
The evidence presented indicated that the ductility 
of both metals increased with increase in strain 
with temperature. The 
third stage of creep was sometimes initiated by the 


rate and decrease in 
formation of microscopic cracks and with suffi- 
ciently slow strain rates at elevated temperature, 
specimens of both metals failed without local 
contraction. Since Monel and copper are face- 


centered cubic metals, the program on creep 
testing was extended to include a study of the 
behavior of body-centered cubic iron as affected 
by variations in strain rate and in temperature, 
and the results are given in the present paper. 
Jenkins and Mellor [2] determined some prop- 
erties of ingot and other commercial iron in 
tension tests made in vacuum at elevated tempera- 
tures and with different strain rates. In short- 
time tests of ingot iron, initially as hot-rolled or 
normalized, the reduction of area increased from 
‘3 percent at room temperature to 78 percent at 
50° C and then decreased with further increase 


Figures in brackets indicate the literature references at the end of this 


Creep of Ingot Iron 


in temperature; the reduction of area at 350° C 
was less than at room temperature. At 350° C, 
the reduction of area in a long time test (46 hrs) 
was greater than in a short time test (75 and 64°, 
respectively), whereas at all the higher tempera- 
tures used the reduction of area of the ingot iron 
was lower in creep than in the short time test. 
However, the creep tests were of relatively short 
duration and the strain rates in the second stage 
were not given. ‘Tapsell and Clenshaw [3] made 
a study of the high-temperature properties of 
normalized ingot iron. Creep tests were made 
with different strain rates at temperatures ranging 
from about 450° to 900° F for periods ranging 
from 2 to 70 days. The investigation with this 
iron was extended by Tapsell [4] to include creep 
Brinell hardness 
measurements at room temperature, and _ stress- 


tests at lower temperatures, 
strain curves at elevated temperatures of some of 
the specimens previously extended in creep, but 
the ductility of these specimens was not given. 


II. Material and Procedures Used 


The chemical composition, ferrite grain size, 
tensile properties, and hardness at room tempera- 
ture of the ingot iron used in the initial condition 
as cold-drawn, approximately 13-pereent reduction 
(in area) are given in table 1. 

The apparatus used for carrying out the creep 
tests was the same as that described in some detail 
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by Bennett and McAdam [5]. 


All specimens used 


for creep testing were prepared from the same bat 


as cold-drawn, and these specimens were machined 


to American Society for Testing Materials Stand- 
1 for 0.505 


lengths. 


: 
Each 


» 


in. diameter with 2 to 4 in. gage 


specimen 


used for determining 


creep was heated in air (furnace atmosphere not 


controlled 


to the desired temperature and held 


for 48 hr before loading 


The load was applied 


in selected increments in order to produce an ap- 


proximate rate of extension of 30 to 50 percent 


per 1,000 hr until the desired ultimate load for 


testing was attained; in one test the specimen was 


intentionally loaded at a relatively slow rate of 


5-percent extension In 


1.000 hr. 


Thereafter the 


load was not changed on any specimen until the 


test was either completed or the third stage was 


reached 


For specimens tested to fracture, the 


rate in the third stage was maintained approxi- 


mately constant and equal to that in the second 


stage by repeatedly decreasing or adjusting the 


load 


This procedure of maintaining a constant 
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ate beyond the beginning of the third stage was 
unsidered essential in this study for, as pointed 
»y McAdam and coworkers [1], when a creep test 
s made under a constant load the increasing rate 
n the third stage tends to cause an increase in 
luctility at fracture. The conditions used in 
making the creep tests are given in table 2. Tests 
were made at 600°, 700°, and 800° F with different 
strain rates and, in addition, a specimen was tested 
it 500° F. 
tinued after the beginning of the third stage of 


In some cases, the test was discon- 


reep, Whereas with other specimens the loads 
were adjusted and maintained until fracture oc- 
curred. 

Rockwell B hardness (100-Kg load, ‘\¢-in. 
diameter ball) measurements were made on the 
cross section of the bar initially as cold-drawn 
and on selected specimens after testing in creep. 
The amount of plastic deformation of each speci- 
men fractured in creep varied over the “necked” 
section (local contraction). Two flats 180° apart 
were prepared parallel to the longitudinal axis of 
the specimens after fracturing, and Rockwell 
readings were made at room temperature at vari- 
ous points along the center line of these flats. The 
diameters of the specimen at the points of indenta- 
tion were accurately determined by means of a 
measuring microscope. As the shoulder of the 
tensile specimen (fig. 7) was not deformed during 
creep but was exposed to the same temperature 
for the same time as the plastically deformed 
section, the hardness value obtained on _ the 
shoulder was used as the basis for determining the 
change in hardness due to plastic deformation and 
the accompanying strain hardening, aging, and 
recovery during the creep tests. 

In the tension tests made at room temperature, 
the specimens were extended at a rate of about 
(} to 7x10* percent per 1,000 hr to the maximum 
load, after which the load was gradually reduced 
so.as to produce a nearly constant rate of reduction 
n area during the remainder of the test. The 
change in diameters of the specimens during the 
course of the test was followed with a micrometer. 
Usual procedures were followed in preparing 
specimens and carrying out the microscopic 


eXamination 


III. Results and Discussion 


The results obtained in the creep tests are sum- 


arized in table 2 and figures 1 to 13. 


Sreep of Ingot Iron 


Representative extension-time curves for some 
of the specimens tested either to the beginning of 
the third stage or to complete fracture are repro- 
duced in figures 1 and 2, respectively. As is illus- 
trated by the shape of curves A and B in figure 1, 
the change in extension with time in the second 
stage frequently did not occur uniformly but varied 
in a cyclic manner. During the time of a cycle, 
the change in extension ranges from relatively high 
to low or negative values. That is, a period of 
acceleration in high strain rate was followed by 
negative creep (contraction of specimen) an« vice 
versa. The frequency and amplitude of these 
cveles apparently depended upon the tempera- 
ture, strain rate, and the time elapsed in the second 
stage of creep. The trend was for both the 
frequency and amplitude of the cycles to decrease 
with an increase in either temperature (curves 
A and B) or strain rate (curves B and C) and also 
to decrease as the deformation or time approached 
the beginning of the third stage of creep. It is 
believed that the cycles result from a combination 
of strain hardening, strain aging, and recovery 
(annealing) of the ingot iron. At sufficiently 
high strain rates and temperatures, strain aging 
was not manifested in the shape of the extension- 
time curve, and the creep rate was nearly constant 
in the second stage (curve C). Because of the 
described behavior of some of the test specimens, 
the average and not the minimum values for creep 
during the second stage are given in table 2 and 
the several figures in this report; obviously, in 
some tests, the miminum creep rate actually was 
a negative value, and in other tests it corresponded 
to the average rate. 

The time required to complete the third stage of 
creep under a controlled condition of constant rate 
was often considerably greater than the total 
time elapsed during the first and second stages 
(fig. 2). As is shown by the positions of the points 
as plotted in figure 2, the rate during the entire 
third stage could be maintained at a desired and 
nearly constant value by the procedure of adjust- 
ing the load on the specimen; usually the rate 
increased somewhat just prior to complete frac- 
ture of the specimen due to a “rim” effect [1]. 

The relation between true stress? and creep 
rate in the second stage of tests made at different 
temperatures is shown in figure 3. With the se- 


he “‘true stress” is that value obtained by dividing the current load by 


the current minimum area of the specimer 
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lected rate of loading (30- to 50-°% extension per 
1,000 hr in the first stage of creep), the experi- 
mental values obtained at test temperatures of 
600°, 700° and 800° F do not fall on a straight 
line when plotted on logarithmic coordinates. 
The trend was for the curves drawn through the 
experimental values to deviate from liniarity by 
bending downward with the slower, and upward 
with the higher ranges in strain rates used at each 
temperature; the tests at SOO° F were not extended 
to relatively slow rates, but it would be expected 
that the results of such tests would also follow 
the downward path. Although the stress-strain 
rate curves follow the same general pattern, it ts 
noteworthy that the curves are not parallel, and 
the relative positions where the bends occurred 
were influenced by the temperature of testing. 
Thus, the pronounced downward curvature was 
shifted to a lower ereep rate as the temperature 
was changed from 600° to 700° F and the upward 
curvature to higher rates as the temperature de- 
creased. Similar trends are shown in the curves 
obtained when the experimental values for true 
stress are plotted against the logarithm of the 
strain rate. The shape of the stress-strain rate 
curve was not established at 500° F as only one 
creep test was made at this temperature. 500° F 
is within the so-called “blue heat” region where 
the effects of strain aging attain a maximum, as 
shown by the results of short-time tensile tests 
It is to be expected, however, that this region 
would shift to a different range in temperature as 
the amounts of prior cold-working and creep rates 
are changed. According to Greaves and Jones [6], 
% maximum in the tensile strength-temperature 
curve of ingot iron occurred at about 300° F with 
relatively slow loading and at 700° F with tast 
loading The relatively high ductility of the speci- 
men tested at 500° F (fie. 6 and table 2) indicates 
that the conditions were such as to be above the 
blue heat range 

The use of a linear relationship in either a log-log 
or semi-log plot of true stress versus strain rate 1s 
not justified for extrapolating for very long service 
life of the initially cold-worked ingot iron at 
600° or 700° FF. Such an extrapolation would 
result in premature failure 

The resistance to creep at 700° F was materially 
increased by decreasing the rate of extension in 
the first stage during loading from about 40 to 3 
percent per 1,000 hr; the plastic extension of 
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fracture was also affected by variation in rat 
of loading (fig. 6). In previous investigations but 
little attention has been given to controlling th 
rate of extension during the first stage of creep 
and this is a factor that merits further study 
The results obtained with the two specimens 
loaded at different rates again serve to emphasize 
the importance of accurately controlling the condi- 
tions encountered in creep testing. 

The effect of temperature on the resistance to 
creep of ingot iron is shown by a comparison of the 
positions of the stress-strain rate curves (fig. 3 
and by the derived Stress-temperature curves for 
creep rates of 1, 5, 10, and 50 percent per 1,000 
With the semi-log plot 
used (fig. 4), the curves were not exactly linear, and 


hr, as given in figure 4. 


their slopes varied somewhat with strain rates; 
the trend was for the family of curves of figure 4 
to diverge as the temperature was increased 
Obviously, the resistance to creep, that is, the 
stress required to produce a selected creep rate, 
increased as the temperature decreased, 

As is illustrated in figure 5, the true fracture 
stress increased with an increase in strain rate 
temperature constant) and with a decrease in 
test temperature (strain rate constant 

The influence of strain rate on the ductility of 
specimens tested in creep at different tempera- 
tures is shown in figure 6. Variations within 
the range of strain rates used had no significant 
effect on the plastic extension at the beginning of 
the third stage of creep of the specimens tested 
either at 700° or 800° F. Furthermore, the exten 
sion at the beginning of the third stage of speci 
mens tested at 600° F with strain rates less than 
about 2 percent per 1,000 hr was about the same as 
that obtained in the tests at 700° and at SOO0° F 
the extension of each of these specimens was less 
than 1 percent. However, the extension at the 
beginning of the third stage of creep was materially 
increased in specimens tested at 600° F by increas 
ing the strain rate to relatively high values and 
also in another specimen tested at a lower tempet 
ature (500° F) with a strain rate of only about 15 
The result of this latter 
test supports the belief that the relation between 


percent per 1,000 hr 


strain rate and plastic extension at the beginning 
of the third stave of creep of specimens tested at 
500°, 700°, and 800° F is represented by a family 
of curves similar in shape to that obtained at 
600° F; the start of the bend in these curves i 
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lisplaced to a lower strain-rate value at 500° F, 
ind to higher values at 700° and 800° F, than that 
at 600° F. That is, the point of divergence in 
the curve is shifted to a lower creep rate as the 
temperature of the test is decreased, and at 500° F 
a strain rate of 15 percent per 1,000 hr is con- 
siderably above this point, 

At 600° F, the ductility at fracture, as de- 
termined both by plastic extension and reduction 
of area, decreased with a decrease in strain rate. 
At 700° F, the extension also decreased with a 
decrease in strain rate, whereas the reduction of 
area Was not appreciably affected by this change 
\t 800° F, the plastic extension at fracture of a 
specimen tested at a strain rate of about 45 per- 
cent per 1,000 hr was considerably less than that 
of a specimen tested at 700° F at the same rate, 
but values for the reduction of area of the two 
specimens at fracture were nearly alike. 

For a selected strain rate, the plastic extension 
at fracture decreased continuously as the temper- 
ature of the creep test increased, but no consistent 
relationship was obtained between temperature 
and the reduction of area It is to be expected 
that the temperature might affect differently the 
ductility as determined by extension and reduction 
of area, as the stress during the third stage of 
creep) was not unidirectional. Although the 
strain rate was controlled and maintained nearly 
constant in this stage, considerable necking oc- 
curred in each specimen tested to fracture. In 
some cases, the necking was confined principally 
to a relatively narrow region in the vicinity of 
the fracture (fig. 7, B), whereas in other specimens 
there was a more gradual necking over a con- 
siderable portion of the gage length (fig. 7. A). 
Both the extension and reduction of area were 
fected by the manner in which the specimen 
ecked, but not necessarily to the same degree, 

Since the described trends for the duetility to 
nerease with an increase in strain rate and with a 
lecrease in temperature were shown in the creep 
tests, it is of particular Interest to compare some 
f the values for ductility at 600° F (fig. 6) with 
that obtained at room temperature in ordinary 
table 2). Although the latter 


tests were made at a considerably faster rate and 
lower temperature than the former (both factors 


end to cause an increase in ductility in creep), 


the values for plastic extension and reduction of 


irea at fracture in the room-temperature tests 
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were significantly lower than the maximum 
attained at 600° F. The combined effects of 
strain rate, aging, and temperature on the ductility 
of ingot iron vary appreciably depending on the 
testing conditions. Evidently the strain rate- 
temperature and temperature-ductility curves for 
this material would show a reversal in curvature 
when the testing conditions are changed from the 
high strain rates used in creep at elevated temper- 
ature to considerably higher strain rates obtained 
in the tension test at atmospheric temperatures; 
the reversals may even occur in the low-temper- 
ature range used in the creep tests. 

The relation of fracture stress to ductility in 
At 600° F, the fracture 
stress increased continuously with an increase in 


creep is shown in figure 8. 


both plastic extension and reduction of area. This 
trend for the fracture stress to increase with plastic 
extension was also obtained in two specimens 
tested at 700° F (loaded at the same rate), but 
there was a considerable difference in the stress at 
fracture of these specimens, although both had 
approximately the same reduction of area. This 
latter condition is also attributed to a difference 
in the manner of necking of the two specimens, as 
is illustrated by typical photographs given in 
figure 7. The fracture stress at 700° F of the 
specimen loaded relatively slowly in the first stage 
was somewhat higher than that of the specimens 
loaded at the higher rate; the plastic extension of 
the former specimen was also lower, but the reduc- 
tion of area was approximately the same for each 
specimen. At 800° F, the fracture stress was 
less than that at 700° F when the specimens were 
tested at the same strain rate of about 45 percent 
per 1,000 hr, but it was of the same order of magni- 
tude of that of a specimen tested at 700° F with 
a slower strain rate (2.609 per 1,000 hr) 

As previously pointed out, the final duetility 
of a specimen of ingot iron tested in creep is 
affected by the strain rate and the temperature 
at which the test is made. Both of these factors 
also influence the stress necessary to cause fracture 

The influence of temperature on the resistance 
to plastic deformation in the early stage of creep 
of ingot iron is shown by the relative positions 
At s00° F, 


plastic deformation commenced with the applica- 


of the curves reproduced in figure 9. 
tion of a relatively small stress, whereas at 500 
F the extension was elastic with stresses up to 


about 20,000 Ib/in’. The relation of temperature 
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Tas_e 3. Tensile properties at room temperature of specimens of ingot iron after extending at different temperatures and 


strain rates into the beginning of the third stage of creep and of specimens as aged at different temperatures 


All specimens were prepared from the same bar as initially cold-drawn, 13-percent reduction in area and were finally tested in tension at room temperature 


in approximate strain rate of 7x10* ©,/1,000 hr 


Plastic Yield stress * Maximum load — Beginning of fracture Complete fracture 
\tension 
rature —- Strait rapes pe Ultimate 
peratur I rate an f Siniis one stress Plastic ruc —— res Plastic - nema: Tres 
test extension = stress ' area Stress * extension area stress 
wn ‘an LLL an linn 
I mh Percent hin Ihjin I Percent thin Percent Niin2 Percent Percent Diin 
Nor 47.2 47.1 60.0 7.9 65.3 63.2 103. 4 20.6 68.2 118.7 
No 7.3 7.1 1D 12.6 57.1 68.9 100.0 27.5 73.3 119.8 
noo o4 LL 42.1 42.0 2.1 10.8 57.8 6s. 1 100, 2 1.0 72.7 117.4 
7™ ‘ 1 30.1 wo 4s 15.8 me 5 60.5 07.7 27.0 3.0 112.2 
at | i" ta sf 7.3 45 14.3 ae fs 60.4 OR, 2 24.0 72.9 111.0 
so) 5.10 1.11 0.1 6.3 is 16.4 57.0 6.6 WS. 7 4.5 71.7 114.9 
si) 17.0 1a ts 1 i 419.1 16.6 7 60.4 WS. 7 4.5 74.0 116.7 
* Drop of bean 
The true stress is that value obtained by dividing the current load by the current minimum area of the specimen 
¢ Tension tests made in duplicate on specimens aged at room temperature and not tested in creep 
rension test made on a specimen aged at 800° F for 48 hr and not tested in creep 


to vield stress for 0.2 percent extension Is given 
in figure 10. The yield strength decreases rapidly 
with increase in temperature used in the creep 
tests. However, the vield strength at 500° F 
was only slightly less than that obtained at room 
temperature in the ordinary tension test, which 
was also made at a considerably higher strain rate 
(40°) and 7x10* ©% per 1,000 hr, respectively). 
Tension tests were not made at temperatures 
between 70° and 500° F, and the exact location of 
the yield stress-temperature curve was not estab- 
lished through this temperature range. However, 
according to Carpenter and Robertson [7], the 
yield (point) strength, in general, should decrease 
as the temperature of testing is raised. The hard- 
ness at room temperature of the specumens as 
exposed at the temperatures for the time used in 
the creep tests also decreased with an increase in 
temperature, and these values were appreciably 
lower than that of the original cold-worked iron. 

The specimens tested into the third stage of 
creep (not fractured) were unloaded and then 
cooled in the furnace to room temperature. A 
summary of the results of measurements made at 
room temperature for change in diameter over 
the entire gage length and the determination of 
extension during creep of these five specimens 
(one specimen tested at 600°, two at 700°, and 
two at 800° F, table 2) showed no evidence of 
local contraction in four and only a very slight 
indication of necking in the other specimen (S00 
F with strain rate of 5.1°% per 1,000 hr). Actually, 
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a comparison of the values for extension during 
creep (L Le) 


reduction of area obtained after cooling to room 


with comparable values for the 


temperature (Ao/) indicate that there was a slight 
increase in volume of four of the specimens during 
creep. This is to be expected from cold-working,even 
when carried out under conditions where necking 
could not possibly occur. An oxide film formed 
on the specimens during exposure at test tem- 
perature, especially those at 800° F, but the 
change in volume from the presence of this film 
was negligible. These specimens were then tested 
in tension at room temperature under controlled 
Another 
specimen as cold-drawn was heated at 800° F 


conditions, as previously described. 


(highest temperature used in the creep tests for 
48 hr and then cooled to room temperature and 
tested in tension. The results of these tests are 
summarized in table 3 and figure 11. 

The flow curves at room temperature for the 
two specimens previously extended at different 
rates to about 1 percent at 800° F are nearly alike, 
and the position of these curves was only slightly 
below that of the specimen aged only at 800° F. 
As all the specimens tested in creep were aged for 
this same period (48 hr) before loading, the small 
differences obtained in the stresses required to 
produce flow is believed to be due to the additional 
aging or recovery of the creep specimens during 


Le and A» are the initial gage length and area of cross section, respective 


Land A are the current length and area, respectively 
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their longer exposure at 800° F. The results of 
hardness tests made at room temperature on unde- 
formed sections of these specimens indicate that 
some additional softening occurred when the aging 
time exceeded 48 hr. The flow curves at room 
temperatue for the two specimens extended in 
creep at 700° F (not shown in fig. 11) were quite 
similar to that of the curve reproduced for the 
specimens tested in creep at 800° F; the former fall 
just below the latter curve. The resistance to 
flow at room temperature of the specimen extended 
at 600° F to the beginning of the third stage was 
somewhat greater than that of the specimens 
similarly extended at higher temperatures (700° 
and 800° F). 
to flow of all the specimens aged at elevated tem- 


As is to be expected, the resistance 


peratures was lower than that of the specimen aged 
at room temperature, but this decrease in flow 
stress was accompanied by a corresponding in- 
crease in ductility. The significant feature 
brought out by the tension tests at room tempera- 
ture is that no appreciable deterioration in these 
mechanical properties of initially cold-drawn ingot 
iron resulted from its extension into the beginning 
of the third stage of creep (about 1°) exiension at 
600°, 700°, or 800° F. 

No cracks were visible on the surface of any of 
these specimens as extended into the third stage 
of creep. Furthermore, no indication of cracking 
was observed in a metallographic examination at 
magnifications of 500 to 1,000 diameters in the 
necked section extending from the axis to the sur- 
face of another specimen tested at 500° F to nearly 
the end of the third stage; that is, this particular 
creep test was carried out to the point where the 
load required to maintain a constant creep rate 
dropped sharply, and complete fracture would have 
occurred in a few minutes had the test continued 
without changing the load. 

Determinations made on the specimens fractured 
in creep also supports the view that the third 
stage of creep was initiated in each specimen 
without the occurrence of necking. However, 
regardless of the rate of extension, some necking 
occurred during the third stage of creep in each 
specimen tested to complete fracture. 

Some of the structural features of the ingot iron 
before and after testing in creep are illustrated by 
the typical photomicrographs reproduced in figure 
12. The average size of the ferrite grains in the 
initially cold-drawn bar corresponds to the lower 
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range of American Society for Testing Materials 
grain number 5 (fig. 12, A). These grains were 
elongated only slightly in the direction of cold- 
working, and the inclusions were frequently alined 
in streaks parallel to the direction of hot- and 
cold-working Some of these inclusions were 
fractured during the hot- and cold-working, but 
apparently no further change occurred in either 
their form or distribution during creep. Although 
the ingot iron contained the usual numerous ox- 
ides, these inclusions had no appreciable effect on 
the tvpe of fracture produced in creep. 

The fracture of the specimen tests at 600° F 
with a strain rate of 1.6 percent per 1,000 hr (fig. 
12, B) was essentially transerystalline, whereas the 
fractures of specimens tested with higher strain 
rates (380 and 1,340 percent per 1,000 hr) were 
partially intererystalline but predominantly trans- 
crystalline (fig. 12,C). The fractures of all speci- 
mens at 700° and 800° F were predominantly 
intererystalline (fig. 12, D, E, and F). 

The general tendency for the ferrite grains to 
elongate in the vicinity of complete fracture and 
to separate at points other than at complete frac- 
ture is also shown by a comparison of these photo- 
micrographs. The maximum distortion of the 
grains during creep was obtained in a specimen 
tested at 600° F with a relatively high strain rate 
me. 12, © 
the region of complete separation; this specimen 


and cracking was observed only in 


had a pronounced neck and relatively high due- 
tility. Appreciable elongation of the grains also 
occurred in another specimen tested at 600° F 
with a creep rate of 1.6 percent per 1,000 hrs 
(fig. 12, B), but there was some separation of the 
grains in regions away from the position of com- 
plete fracture. The general trend was for the 
flow to increase with a decrease in test temperature 
and to increase with an increase in strain rate. 
The tendency for the ferrite grain to separate in 
the regions away from the position of complete 
fracture was promoted by decreasing the strain 
rate and by increasing the temperature. No 
appreciable difference was detected in the structure 
of the specimens near the center and surface in 
the vicinity of the fractures. Where minor diff- 
erences were observed, possibly somewhat greater 
amounts of flow occurred at the surface than in 
the center. 

The effect of plastic deformation during creep 
at different temperatures on change in hardness 
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at room temperature is shown by the results given 
in figure 13. The change in hardness as deter- 
mined at room temperature was affected by the 
degree of plastic deformation, strain rate, tem- 
perature of the creep test, and rate of loading. 
For example, in a test made at 700° F with a 
strain rate of 2.63 percent per 1,000 hr, no change 
in hardness was observed with increase in plastic 
deformation up to 20-percent reduction in area, 
whereas in another test at 700° F, with a strain 
rate of 46 percent per 1,000 hr, the hardness in- 
creased as the specimen was deformed to this 
same degree. With further plastic deformation 
the propensity ol each of these two specimens to 
strain harden (and age) was less than tn their 
response to recovery (anneal), and both showed 
relatively rapid decrease in hardness as the de- 
formation increased. At temperatures of 500 
and 600° F, 
with plastic deformation was greater than that 


the maximum increase in hardness 


obtained at the higher test temperatures, and the 
peak in the curve also occurred at greater amounts 
of plastic deformation The general trends were 
for the amount of induced hardness to increase 
with an increase in strain rate and with a decrease 
in both test temperature and rate of loading and 
the recovery to increase with an increase both in 
temperature and plastic deformation; the excep- 
tion to this trend was that in the tests at 700° and 
s00° F with a strain rate of about 45 percent per 
1,000 hr, slightly greater induced hardness was 
observed in the latter than in the former specimen. 
The amount of uniform deformation in creep 
(extension to the beginning of necking) varied 
with the strain rate in that at a constant tempera- 
ture (600° and 700° F, specimens loaded alike) the 
amount increased continuously as the strain rate 
increased. No consistent relationship, however, 
was shown between test temperature and the 
extent of uniform extension (constant strain rate 
A significant feature is the extent of this plastic 
deformation in creep before necking occurred. 
As already pointed out, the plastic extension at 
the beginning of the third stage was less than | 
percent in all specimens tested at slow strain rates, 
except one at 500° F with a strain rate of 14.5 
percent per 1,000 hr; the extension at the start 
of the third stage was also greater than 1 percent 
F with relatively 
Thus, in 


in two specimens tested at 600 
high strain rates for testing in creep. 
general, the initially cold-drawn specimens of 
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ingot iron continued to extend uniformly in cree] 
for an appreciable time after the start of the thire 
Stage. 

It should be emphasized that the curves in 
figure 13 show the change in hardness at room 
temperature of specimens extended in creep at 
elevated temperatures, and the relative positions 
of these curves do not indicate the order or the 
actual hardness values of the test specimens dur- 


ing creep, 


The hardness tests were extended to include 


specimens tested in tension at room temperature 
and aged at room or at elevated temperatures 
A summary of these results (fig. 14) shows that 
there was a continuous increase in hardness with 
plastic deformation up to about 50-percent redue- 
tion in area; thereafter the hardness either re- 
mained constant or decreased as the distance 
from the point of fracture diminished. Although 
the general shape of the family of curves is quite 
similar, the hardness induced by plastic deforma- 
tion was increased appreciably by heating at 500 
or 800° F, 
to be due to a state of more complete aging at 


This increase in hardness is believed 


elevated temperatures (overaged at SOO° F in 48 
hr) of the cold-worked specimen. 

These hardness tests were made solely to supple- 
ment the data obtained in the creep tests. Ob- 
viously, no definite correlation could be expected 
between hardness measurements made at room 
elevated 


temperature and behavior af 


However, the hardness measure- 


ereep 
temperatures. 
ments give some indication of the aging characte! 
istics of this particular lot of initially cold-drawn 
ingot iron and its resistance to plastic deformation 
occurring during creep, especially after the be- 
ginning of necking. The results confirm the 
already known fact that the history of the speci- 
men is continuously changing during creep, and 
they show that changes in hardness of ingot iron 
similar to its creep properties are affected by 
variations in amounts of plastic deformations, 


strain rates, and temperatures. 


IV. Summary 


Tension tests were made at different strain 
rates and temperatures on ingot iron initially 
cold-drawn approximately 13-percent reduction in 
area. Some of the creep tests at 600°, 700°, and 
800° F were discontinued after the beginning of 


the third stage, and these specimens were subse- 
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juently tested in tension at room temperature. 
in another series of tests in which the specimens 
vere carried to complete fracture at 500°, 600 

700°, and 800° F, the strain rate during the third 
tage Was maintained nearly constant and equal to 
hat in the second stage by repeatedly adjusting 
the load during the third stage. Hardness 
neasurements at room temperature and metal- 
ographic examination were made on specimens 
epresentative of the initial material and after 
testing in creep under the varying conditions used. 

The relationship between true stress and the 
reep rate in the second stage was not linear when 
ither the stress or the logarithm of the stress was 
plotted against the logarithm of the strain rate. 
The use of a linear relationship in either of these 
plots for extrapolating to very slow straia rates is 
ot justified. 

The resistance to creep in the second stage and 
the extension at complete fracture at 700° F were 
materially affected by variations in rate of loading 
n the first stage. 

Although variations within the range of strain 
ates used in the creep tests at 700° and S00° F 
had no significant effect on plastic extension at 
the beginning of the third stage, evidence ob- 
tained in tests at 500° and 600 F supports the belief 
that this extension is markedly increased with 
sufficiently high strain rates. The strain rates 
required to produce relatively high plastic eCX- 
tension at the beginning of the third stage were 
affected by the test temperature in that the high 
duetility was obtained at slower rates as the test 
temperature was decreased, 

The third stage of creep) was initiated 
vithout necking of the specimens, and the results 
of tension tests made at room temperature on 
specimens previously extended into the third 
stage at different temperatures showed that no 
veneral deterioration or microcracking of the 
specimen occurred up to the time this stage was 
reached. Regardless of strain rate or tempera- 
ture used, however, considerable necking occurred 
during the third stage of each specimen tested to 
complete fracture. 

The general trend was for the ductility (plastic 
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extension and reduction of area) at fracture to 
increase as the strain rate increased. The plastic 
extension at fracture decreased with an increase 
in test temperature, but in the creep test no 
consistent relation was obtained between tem- 
perature and reduction of area at fracture. 

The resistance to both creep and fracture 
increased as the temperature was decreased. The 
stress at fracture also increased as the strain rate 
increased, 

The fractures were predominantly transerystal- 
line in the tension tests with the different strain 
rates used at and below 600° F and intercrystalline 
at test temperatures of 700° and 800° F. 


The authors are indebted to G. W. Geil for his 
assistance in planning the testing program and 
to Fannie A. Wilkinson for making many of the 
measurements during the course of the investi- 
gation. 
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Ine strain rate is the average rate obtained during the second stage of creep 
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OUCTILIT Y-PERCENT 


Influence of strain rate on ductility at different temperatures. 


t he strain rate during the 


third stage Was maintained nearly constant and equal to that of the second stage by repeatedly decreasing 


the load during the third stage 
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were loaded at a rate of 30- to S)-percent extension in 1,000 hr in the first stage 


of creep, except one tested at 700° F (designated as loaded slowly), which was 


loaded at a rate of 3-percent extension in 1,000 hr Che strain rate in the third 
tage was maintained nearly constant and equal to that of the second stage 
values given in fig.) by repeatedly decreasing the load during the third 
stage 


128 














0 0.10 0.20 0.3% 
PLASTIC EXTENSION-PERCCNT 


Fiat RE Y Effect of nominal stress on plastr extension 


the initial stage of creep at differe nt te m perature g. 
Phe specimens were prepared from the bar as cold-worked 13 percent and wer 
loaded under conditions required to produce a rate of extension of 30 to 
pereent per 1,000 hr Ihe curves are drawn through the mean positions ¢ 


numerous experimental point 


Journal of Researcl 




















Ficgure 10. Effect of tempera- 












































fure on yield stre noth and 
Rockwell B Hardness. 
Values for yield stre 0.20), offset 
elevated temperature were derived 
re kwell hard 
were mac ire ¢ 
the initially cok ntl 
undeformed portion rotulde the 
pecimen after testing in creep at differ 
! temperatu 
0 200 400 600 800 1000 
: TEMPERATURE —°F 
: REDUCTION OF AREA — PERCENT 
.¢) 10 20 30 40 50 60 70 
130 
120 
ite) 
100 
s 
I RE 1] Effect of 
lending in creep at 2 90 
ferent temperatures 8 
the beginning of the 2 
' 
1 stage and of aging S 80 
800° F on the tensile 4 
= 
sperties at room tem- 2) 
wure of cold-drawn Ss 
: Z 70 
, iron - 
». 3 6 / y WOT TESTED IW ACEP, 2080 a —_ ] | | | 
f e ° ° . . * 80O0°F FOR 48 Ke 
/ O— TESTED IN CREEP AT GOO*F WITH STRAIN RATE OF 0.45%,/1000 HR, AT 6OO*F FOR S10 HR 
. ° . « + eer . oe °° 0, © COOF ¢ OB 
‘ t . ° . « sae © © @ 08 © 0, © COOP ¢ Re 
X — YeLO sTREss 
50 F w — wariwow Loa 
“ ®, — BEGINNING OF FRACTURE 
R — COMPLETE FRACTURE 
wer 
Lo 
40 il + ; ; 
~ 
30 - i 
1.0 1.2 14 1.6 1.8 2.0 22 24 2.6 2.8 3.0 34 4.0 


Ag/A 


rch Creep of Ingot Iron 129 








Fieure 12 Ferrite grain size of cold-drawn ingot tron and typical structures at fracture of specimens te sted in tension 
at different temperatures and strain rates; longitudinal sections, etched in nital, 100 


rest Flor Reduc 
gation | tion ir 
mperature Strain rats in 4 in irea 


/ wo hr | 
cold-drawn AVG 
ASTM §ersin No 


lower 5 


Journal of Researc 





wnay 


}Ua0J0d-¢] UMBUp-ploo sR aRq 


‘OPGL (SL Qorvypy ‘NOLONTIHSV AA 


Wwe 


YY) UT pe ord se Bese JO UOTjONped 40) 


Senyes 


mid 


4d 


eM Ul 


M 


uauiivads 


NO SAIANPDSA dia +} 


vb 


yo 


{0 


NMOINU 4] 


“ 


My) WOu porwed 


i 


ANIDAY 


O} paus0ja] 


) 


An pDsId UA} 


puad 


ip } 


I 


) 


Mood 


} 


buibp 


! 


) 


ssvUupsDy 
jo p 71g | 


41N394u3 


d-Vv3uv JO NOILONGIY 


os 


Od o9 


OS 


Ov 


oe 
T 


02 Ol 


yISUe] Oy 
‘asnjposod 
f}pDIUSD d 
ui mudyo 


hy] AM ADLy 











8 173M008 











(MOISN31 Ni NOLLWHEO490 OWT) 


SSINOYVH TYNIDINO 














~ 


T 


JONVHO 


@ 113MN90N-SSINGYVH NI 








" 


{[poy 


fur Aq 


{[4Reu pou 


JUTBLL SUM GDBYS | 


ui 


wv 


¥ ust 


mals 


mu py ) 


das 


o9 


) 


hut 


os 


Ke 


uo 


inp 


ywnyeseduiay 


$9)D4 UtDADS 


MOLDULAOT p 


pup 


178 pid 


78S Psy) eg) JuuMp prot 


loos ou] 


} 


1N30U3d -V3¥V 40 NOILONGIY 


Ov 


o¢ 


02 


01 


( 


sasnposod Wa} 


OM 


upsBy oy 


“88 AUpPAL 4 


puasaffip 


WHA 


£1 


MATA 








© ))aeeo0e8 


0*0e¢ 


ei! “oes 


rose 


os"! 


9e97 Ss‘? 


oe | 
or 


> | 
}oo9 | 
[208 | 
009 


| 006 
2 


MOHD, H HOVLTMwOsIO OwRT 


SSINGUYH 


WWI9!8O 








Bid LN3DU3d —Jive WiVeLS ONW 4 


208 ii * NOW! CO 
ONINNID3@ Bu 
>) Him Suave 


wo <a 000178 
svenchaive weve ls | eres —_ 
$a. 


348OM GC109 40 SSINGUYH 
Av V3eV 40 NOILONOIH JHA 
VRABIA 40 NOILDISHILN 
SuNOw 000 


UN AVeIGNIL Jiv 


" 


3Au 


JHNDeHes SI 


4 LN}OWFOV SedenON 


36930 Wi 











JONVHD 


@ W13MND0N — SSINGYVH NI 


of Ingot Iron 


P 


Cr 

















end 























S. Department of Commerce 
{ational Bureau of Standards 


Research Paper RP2014 
Volume 42, August 1949 


Part of the Journal of Research of the National Bureau of Standards 





Differences Between the International Temperature 


Scales of 1948 and 192'7 


By Robert J. Corruccini 


Tables and a graph are presented showing differences that exist between temperatures 


expressed on the International Temperature Seale of 1927 and the recently adopted Inter- 


national Temperature Seale of 1948 


The experimental difficulties inherent in’ the 
asurement of temperature on the thermody- 
namic scale led to the adoption in 1927, by the 
Seventh Weights 
\leasures, of a practical scale that was designated 
ws the International Temperature Scale.' The 


first revision of this scale came with the adop- 


General Conference on and 


tion of the International Temperature Seale of 
448 [2] ° by the 


Weights and 


Ninth General Conference on 
The 


to conform as nearly as practicable to 


Measures. revised scale was 


designed 
(Celsius) scale 


the thermodynamic centigrade 


as then known, while incorporating certain 
clinements, based on experience, to make the 
scale more uniform and reproducible than its 
predecessor. 

In the following sections, tables, and a graph 
presented showing differences that exist  be- 
Inter- 
tional Temperature Scales of 1948 and 1927. 


Platinum 


een temperatures expressed on the 


resistance thermometer ranqe (orygen 


nt to freezing point of antimony). The changes 
opted in this range have the effect of making 
tT? 


scale more definite and reproducible but cause 


tle or no change in the numerical values of 
temperatures 
Standard thermocouple range (freezing point of 
mony to the gold point). The change in the 
K. Burge lhe International Temperature Scale, BS J. Rese 


Ss) RP22 


arch 1, 


I on, The International Temperature Scale of 1948, J. Researc! 
12, 209 (1949) RPO 
change are i) The termination of the scale at the oxygen point 
ur 4 nstead ¢ it 1H? ¢ b) the division of the seale at the 
f antimor sbout 630 ( instead of at 660° ¢ c) the re 
t for higher purity of the platinum of the standard resistance ther 
In addition, a resolution was ulopted that the zero of the thermo 
centigrade scale should be defined as the temperature 0.0100 degree 
hat of the triple point of pure water 


In'ernational Temperature Scales 


of 1948, namely, Fy, 
QO 117 microvolts, } 


at the temperature, f¢. 
are to be calculated from measured 


and gold points 
to by subscripts l, 
follows. 
desired 


values of ¢ of changing the value assigned to ¢ 


value for the silver point from 960.5° to 960.8° C 


changes the numerical values of temperatures 
measured with the standard thermocouple.’ Be- 
cause both the 1927 and 1948 seales provide for 
some variation of thermoelectric properties of 
standard thermocouples, the differences between 
the two seales in the thermocouple range cannot 
be stated explicitly. The differences have been 
calculated for the median standard thermocouple 
allowed by the International Temperature Seale 
LO.300 microvolts, | PR 


5.530 microvolts, as follows. 


The temperature, ¢, is defined by the formula, 
k=a-+bt+ ct’, | 


where £ is the electromotive force of a standard 


thermocouple of platinum and platinum-rhodium 


alloy when one junction is at 0° C and the other is 


The constants, a, 6, and ¢, 
values of 


at the freezing point of antimony and at the silver 


The fixed points will be referred 
2, and 3, respectively, in what 
values of Fy it ts 
effect 


For a given set of 


to determine the upon calculated 


Differentiating eq 1 with respect to f; and setting 
0 kod ty equal to zero leads to the following equa- 


tion 
da /Ot, — 1b /dt,— 0c /dt, 
Ot dt, x ; 
b+-2et 
* In addition there are changes of the type mentioned in footnote 3 that cau 
little or no change in the numerical values of temperatures hese include 
equirements for higher purity of the platinum of the standard thermocouple 
ind for smaller permissible limits for the electromotive force of the standard 


thermocouple at the gold point 
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where 


EF (tots? — tata?) + Fo (tst ? —t,t,”) + Ey (tt? —tet,’) 


a= 
< 
i, E, (t.? —t,”) + Ey (t,? = t,*) t E,(t,? —t,”) 
Ya 
EF) (ts —t,) 4+- F(t; — ts) + Ey (t2—th) 
c 


Lt 


r= tots? — tate? + tot? — tty? +tyte— bot? 
2tit.) aor 


Oa E,(t,?—2tst.) — FE, (t,? 
r Of, 


Of, z 


0b = 2t.(k,—F,) _ bor 


Of, r Oty 
oc E,—E, _¢€ or 

Of, r r Of, 

Or 


ty? +-2t,to—t,?— 2sle. 


Inserting the values 
t; 630.5 EB, 
ty WUO8 EF, 
ty= 1,063 hk, 


gives 
Of  —226.466 + 0.5722281t—0.0003378967F 
Ot, 8.227+0.003309t 


Values of At obtained by multiplying values of 
Ot/Of, by Afag=0.3 deg are given in table 1 and 
figure 1. 

Calculation indicates that the maximum varia- 
tion in Af from the values in table 1, due to the 
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Figure 1. Differences between the International Te m per- 


ature Scales of 1948 and 1927. 
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Taste l. Differences between the International Temperatur: 
Scales of 1948 and 1927 in the standard thermocoupl: 


range 


t af 
C (int. 1948) °C (Int. 1948) minus °C (Int 


1927) 
630. 5 0. 00 
650 +. O8 
700 . 24 
750 . 35 
S00 . 42 
839. 5 . 43 (max) 
850 . 43 
900 . 40 
950 . 32 
960. 8 . 30 
1000 . 20 
1050 . 05 
1063 . 00 


variation in standard thermocouples permitted 
under the International Temperature Scale of 
1948, is 0.002 deg. This is sufficient to change 
certain values of At by 0.01 deg upon rounding, 
which is not significant in comparison with the 
reproducibility of 0.1 deg C usually ascribed to 
standard thermocouples. The corresponding tem- 
peratures on the two scales between 630.5° and 
1,063° C that appear in table 2 were calculated 
from table 1. 

Radiation law range (above the gold point). The 
adoption of a different value for the radiation con- 
stant c, changes all temperatures above the gold 
point, while the use of the Planck radiation formula 
instead of the Wien formula affects the very high 
temperatures. The Planck formula is consistent 
with the thermodynamic scale and consequently 
removes the upper limit that was imposed by 
Wien’s law in the 1927 seale. 

Above the gold point the temperature, t, in de- 


grees Centigrade (Int. 1948) is defined by the 


formula, 


Sau & 


et+To _ ] 


in which J, and J,, are the radiant energies p: 
unit wavelength interval at wavelength, A, emitte 
perjunit time by unit area of a black body at th 
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TaArRLeE 2 C'or 


esponding 


Tempe 


630. 5 


650 
700 
750 
SOO 
S50 
00 
50 
O00 
1000 
1050 
1063 


1100 
1200 
1300 
1400 
1500 
1H00 
1700 
1800 
1900 
2000 


2100 
2200 
2300 
2400 
2500 
26500 
2700 
2800 
2000 


3000 


3100 
3200 
3300 
3400 
3500 
3600 
3700 
3800 
3900 

1000 


1100 
1200 


mperature, ¢t, and at the gold point, t,,, respect- 


ly. 


C 1.438 centimeter degrees. 


‘nternational Temperature Scales 


S45576 


OO 


9 


ature Se 


630 
O40 
6a9 
749 
709 
S44 
SOU 


O49 


G60. 5 


a he be] 
1049 


1063 


1100 
1200 
1301 
1401 
1502 
1603 
1703 
1SO4 
1905 
2006 


2107 
2208 
2310 
2411 
2512 
2615 
2715 
2816 
2OIS 


3020 


3122 





4 


temperatures on the Internationa 


ales of 1948 and 1927 


( 


rresponding deg 


144s 


1166 
1202 


909 
120 


1382 
1472 


1562 


1652 
1742 
1761 
1832 
1922 


1945 


~ www hw wt 


- ~J 
w~ 


to bo 


1166 
1201 
1201 
1381 
1471 
1561 
1651 
1741 
1760 
1831 
1921 


1945 


2012 
2193 
2374 


2555 


25! 
2736 
2017 
3004 
3280 
3462 
3644 
3825 
1007 
11S 
1372 
1554 
1736 
910 
5102 
5285 


54AGS 


5H I 
OS34 
HOLS 
6202 
6386 
6570 
6754 
69349 
7124 


7300 


7681 


7,=temperature of the ice point in degrees 


Kelvin. 
A= wavelength of the visible spectrum, 
e=base of Naperian logarithms. 


On the International Temperature Scale of 1927 
the temperature, t’, was defined by the formula 


ia J: C2 | l ' 
"Se J, 11,336 (4273) |’ ; 


where ¢ is taken as 1.432 em degrees and J, and 
Jy, have the same meanings as in eq 2. The 
equation is valid if A(#’+ 273) is less than 0.3 em 
degree. Equating the logarithm of the right-hand 
side of eq 2 to the right-hand side of eq 3, one ob- 
tains the following formula relating t in degrees 
Centigrade (Int. 1948) and ¢t’ in degrees Centi- 
grade (Int. 1927), in which ¢,, is taken as 1,063 °C, 
[, is taken as 273.16 following the prevailing 
American usage and \ must be expressed in centi- 


meters, 


Que... 1.432 | 
OF 18 " 1.336 (t’+273 


Corresponding values of t and t’ have been cal- 
culated from this formula for temperatures above 
the gold point and for \=0.65%107' em (which 
is approximately the effective wavelength of most 
optical pyrometers) and are given in table 2, to- 
gether with corresponding temperatures below the 
gold point obtained as mentioned on p. 134. In 
figure 1, the difference, degrees Centigrade Int, 
1948) minus degrees Centigrade (Int 1927), 1s 
plotted as a function of degrees Centigrade Int, 
1948 Values below 1,063° C are from table 1. 

In the range above the gold point, the differ- 
ences between the two seales cannot be stated 
explicitly due to the range of permissible values 
of X To indicate the possible variation of the 
differences due to variation of A, table 3 has been 
prepared giving corresponding values of t and ¢’ 
at A=0.65% 107" em and A=0.4738*107' em. 
The latter wavelength occupies a position at the 
blue end of the visibility function of the human 
eve, which corresponds to the position of 
0.65107! em at the red end. It will be noted 
that the variation in difference due to variation 
of \ is in all cases much less than the accuracy of 
measurement of temperature with existing in- 


struments 
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Tables 2 and 3 have not been carried above the 
maximum temperatures to which the International 
Temperature Seale of 1927 
$.342° C for 4=0.65> 10 
A= 0.4738 & 107* em 


extends, namely, 
em and 6,059° C for 


TABLE 3 Corresponding temperatures on the Internationa) 


Temperature Seales of 1948 and 1927 at two ware lengths 


( (Int. 194s 
0.5 & 10 en A— 0.4738 x 10-¢ om 

1063 1063 1063 

1500 1502. 31 1502. 31 
2000 2006. 41 2006, 39 
2500 2512. 14 2512. 02 
3000 30190. 76 3019, 22 
3500 3520. 79 3528. O07 


1000 1042. 09 1038. 72 
5000 SOG. 51 


In determining temperatures with an optical 


pyvrometer, the following approximate formula 


(based upon Wien’s law 


low, Jt 143801 
7 »r» 11.336 ¢+273) / 
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will usually vield values that are not significantly 
different from those vielded by eq 2. Correspond 
ing values of ¢, degrees Centigrade (Int. 1948) an 


t» are given in table 4. 


TABLE 4.—Corresponding temperatures on the Internationa 


Temperature Scale of 1948 and from eq 4 
} : / 4 14 


t ' 

C (int. 1948 ( 
1063 1063. 0 
1500 1400.9 
2000 1900. 7 
2500 2400. 6 
3000 20008 
3500 3500. 7 
1000 1003. 2 
1500 1508. 2 
5000 SOLOS 


Acknowledgment is due members of the Com 
putation Laboratory of this Bureau and John I. 
have carried out most of the 


Lauritzen, who 


calculations involved in this work. 


WasniInGtron, March 2, 1949. 
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An Instrument for Measuring Longitudinal Spherical 
Aberration of Lenses 


By Francis E. Washer 


(An instrument is described that permits the rapid determination of longitudinal spheri- 


cal and longitudinal chromatic aberration of lenses. Specially construeted diaphragms 
isolate successive zones of a lens, and a movable reticle connected to a sensitive dial gage 
enables the operator to locate the successive focal planes for the different zones Results of 
measurement are presented for several types of lenses The instrument can also be used 
without modification to measure the small refractive powers of goggle lenses 
I. Introduction The arrangement of these elements is) shown 


— MH diagrammatically in figure 1. To simplify the 
n the cours fa research project sponsore \ : 
! ect eo iresearch ] rojyee pon ore y description, the optical system will he considered 


e Army Air Forces, an instrument was developed in three parts, each of which forms a definite 


facilitate the imspect f lenses use the va . 
“5 e the inspection of lens« ised in the member of the whole system The axis, A, Is 


onstruction of reflee sights. This instrument . 
struction of reflector sights. This instrum« common to the entire system; the axis is bent at 


nabled the Inspection method to be based upon the mirror. V/. to conserve space and simplify 


rapid determination of the axial longitudinal le alienate 
oI I al a Tl operation by a single observer, 
pherical aberration of the ens. 1s measure- Objective lens L _ mirror VV. and viewing screen, 


was perf dd Ww 3 Pa series of . an ’ 
nt i performed ith the aid of a series of S form the first part. The viewing sereen, S, 


aphragm plates that enabled the operator to lies in the focal plane of lens L,, so that light, 


wieCct 3 . . ms ? \ a lic 7 , 
et any zone of the lens at will and quickly parallel to the axis, A, incident on the front of Ly, 


ermine the separation of its focal plane from passes through it. is reflected by \/. and is brought 


hat f , ’ ‘me Ta reticle : ; a . 
at of ny other zone by movement of a Foun le to a focus at S The screen, S. may be replaced 
vhose movements were registered by a sensitive 

| 


by an ocular, so that the combination of L,, 7, 
and the ocular form a telescopic system focused 
for parallet light Mirror \/ is a plane front- 
surface mirror mounted in a fixture equipped with 


il 

The instrument proved so simple and accurate 
it a second one has been constructed for use in 
ensur ry : ou l : < THe? : ye . 
isuring axial my idinal phi rical and longi adjusting screws, and its function is to bring the 
dinal chromati ” pray of lenses In addi- nage formed by Li to the eenter of sereen S, 

. = 1 ’ : . wh | At ’ ri . . 

the instrument can be readily used in the The choice of the focal length of lens Z, is de 


asurement of sm: fractive powers 1. 
surement of mall refractive powers in the termined by several factors. These are easy 
0.0 0.06 ‘Ts s ; . 
on from » to ) diopter Iti viewing, ready observation of smell lateral shifts 


refore extremely useful, in the determination of of the image, and the miniiying of error in J). 
refractive power of goggle lenses in the course A lens having a focal length of 1,143 mm is used 


oe determine compliance with federal at present in the instrument. Accordingly, an 

cifications angular change of 1 milin the light incident upon 

Il. Apparatus L, produces a lateral displacement of approxi- 

The apparatus consists of a movable, illumi- mately 1.14 mm of the image formed by Z; on 

ed reticle, a sensitive gyage lo record the move- screen S The long focal length of ZL, insures 

nt of the reticle, a collimating lens, one movabli negligible error of parallax from any residual 
one fixed diaphragm, and a viewing device longitudinal spherical aberration in L 
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sketch of the 








nati 


Led 


ament, 


Lens 1,, which frequently is a lens correct 
for parallel incident light, and the diaphragm 
D, and DP, form the second part of the systen 
L. is the lens to be tested and is mounted over a 
opening in the supporting plate. The supportin 
plate is provided with adjustable brackets tha 
facilitate easy insertion, proper positioning, an 
easy removal of the lens. Lens J, is so place 
that its “infinite conjugate” is facing lens L 
Diaphragm J), contains a rectangular slot: whos 
length is equal to the effective aperture of L, and 


LOWER DIAPHRAGM - D, 


TOP D APHRAGN-D. 


Fiaure 2 Diagrammatic sketch showing the manne 


which the successive pairs of holes in the ippe d aph aq 
D,, are isolated by the slot in the lower diaphragm, D 


whose width is approximately 5mm. — [ts funetior 
is to isolate a narrow region along the diameter o! 
L Diaphragm 7), is located above 7), and cor 
tains circular holes of small diameter arranged 
pairs about the center of the diaphragm. Th 
arrangement of these pairs of holes is shown 
figure 2. The two members of a pair are equ 
distant from the center and on the same diamete! 
The linear separation of the members of a pa 
proceeds in steps of 5 mm from 5 to 100 mn 
Rotation of the diaphragm /), above 1), therefor 
brings successive pairs of holes over the slot in // 
and so isolates successive zones of lens Lo. | 
order to provide a sufficient number of holes, s 
spaced that only one pair is above the openin 
in JA, at a time, it is necessary to have sever: 
interchangeable diaphragms that can be used : 
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Each of the diaphragm plates has from two 
eight pairs of holes. 
Phe reticle, 2, lamp F, movable member B, and 
il gage G form the third part of the system 


lember B is movable in a vertical direction by 


Sr 


ans of a rack and pinion. The friction oppos- 
the movement 1s sufficiently great to 
drift 
r B supports a lamp house containing 
d reticle PR Reticle P is a 
d is mounted on a support that permits small 


Reticle 


s illuminated by lamp F and is so situated that 


prevent 
\lem- 
lamp F 


preciable between adjustments 


transparent 


cCTOss 


placements necessary for centering 


center lies at or near the focal point of lens L, 
e upper portion of B is provided with a cap 
it transmits its vertical motion to the sensitive 


veth-measuring gage, G, through plunger 7?’ 


is, any raising ol lowering of reticle RP is done 


moving B, and the magniture of the move- 


nt is indieated on gage G, 


Figure 3 is a photograph of the actual instru- 


nt showing the manner in which the apparatus 


arranged for easy use by al seated observer 


ocular assembly is removable and can be 
laced by al eround vlass Viewing sereen. Tele 
pe lens, / mounted in the opening in the 


top, can be focused by rotating the ocular 
int or by sliding the mirror mount, 17, up o1 
The other 


attached to the upright shaft 


vn the supporting shaft elements 
he system are 
moved up and down by 
the 


with 


clamps that can be 


amounts and so permit use of a wide 


ely of collimating lenses focal leneths 


30 in. The lamp house includes 
filter 


the reticle 


ing from 1 to 


sm, movable condensers, and holders 


rovide controlled illumination of 
collimating lens support is provided with a 
that 


from 10 to 


lenses having di 
100 


s of attachments, so 


ters 


ranging 


ly held. 


mm may be 


III. Theory of the Instrument 


mgitudinal spherical aberration is the varia- 
n focal length with differing annular zones of 
s. ‘To measure the spherical aberration, it is 
mary to intercept parallel light before in- 
ce on the lens by an appropriate diaphragm 
limits the transmitting area of the lens to a 
the the 
for this particular zone is then determined. 


ted annular zone; position of focal 


trical Aberration of Lenses 





nt and two of the 


Photoqrapl 


1 ary diapt agms 


ng the natrume 


shou 


The process is repeated for a series of diaphragms 
that successively isolate each annular zone until 
the entire surface has been covered. The position 
of the foeal plane is determined for each of these 
zonal diaphragms with respect to the position de- 
termined for the first diaphragm. The resulting 
values of change in focus Af are plotted against 
zone radius r and the typical longitudinal spher- 
ical-aberration-curve results 

The changes in focal length for successive zones 


of the lens under test in the foregoing method are 
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measured on a lens bench, using a moving micro- 
scope to observe the successive positions of best 
focus for the various zones. A collimator serves as 
the source of parallel light. 

In the present instrument the light path is 
reversed. The collimator target is replaced by a 
viewing sereen at the plane of focus for parallel 
light, or by an ocular so placed that the combina- 
tion of viewing lens and ocular form a telescopic 
system. The moving microscope is replaced by a 
movable reticle whose displacements are registered 
on a sensitive dial gage. Light from the illumi- 
nated reticle passes through the lens under test and 
is properly imaged on the viewing screen only when 
the reticle is in the focal plane of the lens under 
test. When this condition is presented, parallel 
light is emerging from the lens under test. The 
isolation of suecessive zones of the lens under 
test is accomplished by the paired holes in dia- 
phragm 7), 

In figure 4, a schematic drawing of the light 
paths through the instrument is shown. Light 


mA | 
I — 
| | 





Le 2 
R' R 0. x Ss Ss 


Fiaure 4 Light paths th ough the instrument when reticle 
R is nearer to the collimating lens, Le, than the focus of 
the zone determined by the d aph agm openings, O; and O4, 


FP must move to R’ in order that a single image he seen on screen S 


from the reticle ?, which is near the true focal 
plane of the lens, passes through lens L,. The 
diaphragms, 7), and //,, intercept all light emerg- 
ing from /,, except for two small cylindrical 
beams that pass through the small openings, O, 
and @, 


to a focus by lens 1, at / in the plane, S’. How- 


These beams would normally be brought 


ever, the viewing screen, S, lying in the focal 
plane of 1,, intercepts the light so that the observer 
Definite 
images are formed at S even though S is apprecia- 


sees two images, /,, and /,, on sereen S. 


ably distant from the true image plane, S’. This 
Is possible, as the beams of light passing through 
O, and Q, are finite in size, and each beam is capa- 
The depth 


of focus is so great at small apertures that dis- 


ble of forming an image of reticle 2. 


tinet images, /,; and /,, are seen at S, even though 
S does not coincide with the plane of best imagery. 
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Movement of reticle R along the axis of len 
L, causes the images, J; and J,, to separate fro: 
or to aproach each other, depending upon th 
direction of movement of R. In the presen 
instance, if 2 moves to R’, the two images, J; an: 
I,, coalesce to form a single image at S. If / 
moves beyond R’, the images will again separat: 
but J, and /, will interchange their positions an: 
I would lie between ZL, and S.. When R and R 
coincide, the reticle is at the focus of lens L, fo 
the given zone, the beams of light passing throug! 
the openings QO, and Q, are parallel to each 
other and to the optic axis, and a singh 
image appears on screen S. The reading on gag 
@ is recorded, and a second pair of holes in 1), is 
brought over the slot in D,. The process of 
locating a position of R such that a single imag: 
appears at S is repeated, and the reading of gag 
Gis recorded, The difference between the succes 
sive readings of the gage is the longitudinal sphe1 
ical aberration, Af, that exists between the two 
selected zones of the lens. This procedure ean 
be extended for a sufficient number of zones to 
cover the entire lens and the complete longitu- 
dinal spherical-aberration data obtained 


IV. Results of Measurement 


The longitudinal spherical and longitudinal! 
chromatic aberration of a group of lenses having 
focal lengths varying from 3 to 13.5 inches hay 
The lenses 


ure of various types and include telescope objee- 


been measured with this instrument. 


tives, photographic objectives, and collimating ol 
projection lenses. The results of measurements 
are shown graphically in figures 5 to 9. The zon 
radius Is plotted as ordinate against the variation 
in foeal length as abscissa. 

In making these measurements, a set of dia 
phragm plates are used that permit isolation of 
successive zones at 2.5-mm intervals of zon 
radius, from the smallest for which fission of thy 
image occurs to the maximum radius of the lens 
aperture. Wratten monochromatic filters Nos 
7IA (Orange Red), 73 (Yellow Green), and 75 
(Blue Green) provide a sufficient range of colo 
separation to illustrate the nature of the longi- 
tudinal chromatic aberration. 

In plotting the curves in figures 5 to 9, the values 
of Af, corresponding to a given zone radius, a 
shown as circles for filter No. 75, as crosses f 
filter No. 73, and as solid cireles for filter No. 71] 
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a lens had no longitudinal spherical aberration, 


he resulting curve for a given filter would be a 
raight line parallel to the axis of ordinates. If 
ens had zero longitudinal chromatic aberration, 

points for the various colors of light for a given 
ne radius would coincide, and there would be 

separation of the curves. However, thes 
errations are always present to some extent in 


ual lenses, so that the maximum separation of 


nts on a given curve measured along the axis 
abscissae may be used to judge the excellence 
the longitudinal spherical correction. The 
aration of the curves for the different colors is 
ieasure of the amount of longitudinal chromatic 
rration present in the lens. 

lhe results shown in figure 5 are for a group of 


scope lenses belonging to a laboratory demon- 


Spherical Aberration of Lenses 


stration set. Lens No. 1 is over-corrected spheri- 
cally, which is evidenced by the curve, the focal 
length for the outer zone being approximately 
1.5 mm larger than that for the innermost zone 
shown. Lens No. 2 is not spherically corrected and 
in consequence has an appreciably shorter focal 
length for the outer zone. Lens No. 3 is a well- 
corrected lens having a flint front element; it is 
clear from the flatness of the curves that the longi- 
tudinal spherical aberration is negligibly small 
although there is appreciable longitudinal chro- 
matic aberration as is shown by the separation ol 
the curves. Lens No. 4 is not chromatically 
corrected, and all three of the longitudinal spherical 
aberration curves are well separated. 

Figures 6, 7, and 8 illustrate the results obtained 
on photographic objectives of various focal lengths 
and types Lens No. 6 in figure 6 3s a telephoto 
lens having a large amount of spherical aberration. 
Lens No. 5 is a photographic objective having a 


moderate amount of spherical aberration. Lenses 
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Figure 6 Arial longitudinal sphericat- and chromatic 


aberration curves for two photog aph c objectives. 











Nos. 7 and 8 in figure 7 are of the same type but of 
different focal lengths; the amount of spherical 
aberration is great enough to produce noticeable 
change in focus when this type of lens is stopped 
down. Lenses Nos. 9 and 10 in figure 8 have so 
little spherical aberration that it is necessary to 
magnify the scale of abscissae to show it. How- 
ever, the testing instrument is sufficiently sensitive 
that even these small amounts are readily measur- 
able. 

The spherical aberration of lens No. 11 is shown 
Lens No. 11 


is a short-focus collimating lens and has a con- 


in the left-hand portion of figure 9. 


siderable amount of axial astigmatism. This is 
shown in the right half of figure 9. The measure- 
ments for curve 2 are taken along a diameter of 
the lens at right angles to the diameter used for 
curve lL. There are marked differences in the focal 
length through the range of zone radii. These 
two curves illustrate the capacity of the instru- 
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Fiaure 7 Arial longitudinal spherical and arial chro- 
matic aberration curves Jor {wo photographie objectives 
oJ the same ty pe hut having differe nt Jor al le ngths. 

The open circles are determinations made with Wratten filter No. 75, the 
with Wratten filter No. 73, and the Hid circles with Wratten filter 

N TIA 
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Figure 8 Arial longitudinal s phe cal and axial chro- 


hjpective 


matic aherration curves for two photogra phi 0 
that have very smatl amounts of s phe ical aberration 


Phe onet les are determinatio mide w Wratten filt N 


ment to detect and measure astigmatic effects in 
lenses 

The accuracy with which the values of Af can 
be measured with this instrument depends upon 
the f-number of the lens for the selected zone and 
the quality of the imagery. For good-quality 
imagery the probable error in millimeters of a 
single observation seldom exceeds +-0.004 times 
the f-number. Accordingly, the accuracy varies 
from +0.02 mm for a zone with aperture ratio 
{5 to +£0.10 mm for a zone with aperture ratio 
f£25. The values of Af can therefore be measured 
with good precision over most of the effective 
area of the lens, and as the depth of focus is so 
great at the large f-numbers, the accuracy of the 
method is adequate for most purposes even at the 


large f-numbers. 


V. Additional Uses of the Instrument 


The present instrument is the second to be 
constructed. The first instrument was built for 
the Army Air Forces and was primarily intended 
for use in measuring the parallax arising from 
longitudinal spherical aberration present in colli- 
mating lenses of the type used in reflector sights. 
During the course of investigation of the properties 
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the primary instrument, it was found that the 
strument was ideally suited for the rapid meas- 
rement of small refractive powers of goggle lenses 
n addition to its principal task of measuring 
connection 


ongitudinal spherical aberration in 


ith the computation of parallax. This section 


herefore discusses the manner in. which the 
strument is used to measure small refractive 
owers and the manner in which it is used to meas- 


« parallax of collimating lenses 


1. Measurement of Small Refracting Powers 


One of the constantly recurring tasks at this 
Bureau is the measurement of the spherical re- 
acting power of eve-protective lenses having, 
ominally, zero” refractive power to determine 
mpliance with the optical requirements con- 


ined in federal specifications The tolerances 
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SCALE DIVISIONS ON GAGE 


Calibration curve for the instrument when beina 


sed to measure sma efractive powe 


on spherical power, which range from 0.00— to 


0.06 diopter, are too small to permit accurate 
determination of compliance on the usual type of 
instrument. The small 


lens-testing range of 


0.05 diopter amounts to only one-half seale 
division on most commercial-type instruments 
This new instrument may be readily used for 
the rapid measurement of small refractive powers. 
Kor this condition of use, lens /. is considered a 
part of the instrument, and its function is the pro- 
viding of parallel light in the space between L, 


and L, 


of diaphragm openings by 


The instrument is focused for a given pai 
moving reticle 2? so 
that a single image is formed by lens L,. The 
light entering the openings, QO; and Q,, is aecord- 
ingly parallel. The dial gage is set to read zero 
for this condition. If a goggle lens is placed over 
diaphragm openings QO, and @Q, in the parallel 
light beams, no effect on the image formed by L 
is noticed if the goggle lens has zero refracting 
power. However, if the lens does possess appre- 
ciable power, the image splits and reticle 2 must 
be moved to cause the two Images to coalesce. 
The change in reading on the gage can then be 
interpreted in terms of the dioptric power of the 
goggle lens under test. For example, if the colli- 


mating lens, 1, has a focal length of 90 mm, and 


143 








the goggle lens has a spherical refracting power of 
+- 0.06 diopter, the reticle must move —0.483 mm 
to neutralize the spherical power of the goggle lens. 
As the dial gage is calibrated in thousandths of 
an inch, this movement of 0.483 mm is equivalent 
to 19 scale divisions on the gage. Figure 10 shows 
the relation between gage readings and dioptric 
power of the goggle lens when collimating lens 1, 
has a focal length, f, of 909 mm. The points on the 
curve are located from the relation 


1.000 Af 


} 
/ j--+f-Af 


where Af is the change in position of reticle ?, and 
D is the dioptric power of the goggle lens. With 
this arrangement, it is possible to measure the 
dioptric power of the goggle lens to the nearest 
0.003 diopter. To determine compliance with 
the usual tolerances of 0 to +0.06 diopter, it is 
only necessary to see that the potnter of the gage 


always lies in the range 0 to —19 seale divisions. 


2. Measurement of Parallax of Collimating Lenses 


When the instrument is used to measure the 
parallax arising from longitudinal spherical aber- 
ration in short, focal-length, collumating lenses, 
such as are commonly used in reflector sights, the 
problem is mainly the rapid measurement of the 
maximum and minimum parallax of a lens for 
compliance with set tolerances, a typical tolerance 
being 1 mil. Parallax, as here considered, is 
simply angular spherical aberration resulting from 
longitudinal spherical aberration, Af, in milli- 
meters and is related to it by the formula, 


LOL9AAT 


72 mils, 


where ¢ is the parallax in mils, 4 is the radius of 
the selected zone, in millimeters and f the equiva- 
lent focal length of the lens in millimeters. 

By proper selection of an intermediate zone and 
setting the dial gage to read zero when a single 
image is formed by L, for this zone, the value of 
A/ in the above equation becomes zero for this 
zone. Positive and negative values of € can then 
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be obtained for the other zones with respect to 
this selected zone. By establishing the condition 
of zero parallax for the proper intermediate zone, 
it is possible to obtain maximum positive and 
maximum negative values of ¢€ approximately 
equal in magnitude for two other values of the 
zone radius. The three values of zone radius that 
satisfy the above conditions will vary from one 
tvpe of lens to another. However, for a given 
type of lens the three values of zone radius remain 
remarkably constant, providing the focal lengths 
of the various lenses of the given type are approxi- 
mately equal. The three values of zone radius 
for a given type of lens are determined initially 
from a study of the longitudinal spherical-aberra 
tion curves of a representative group of lenses of 
the giventype. The curves vary so little from lens 
to lens that no difficulty is experienced in arriving 
at an appropriate set of values of zone radius that 
will be valid for setting the zones of zero, mayi- 
mum-positive and maximum-negative parallax 

For one type of collimating lens of focal length 
of 90 mm and effective aperture of 40 mm, the 
zone of zero parallax has a radius of 17 mm, the 
zone of maximum-positive parallax has a radius 
of 10 mm, and the zone of maximum-negative 
parallax has a radius of 20mm. If ¢ has a valu 
of +1 mil, then Af is equal to +0.81 mm for 
h=10mm and —0.40 forh=20mm. Accordingly 
if a lens of this type is placed on the parallax 
comparator and focused to yield zero parallax for 
h=17, the zero of the gage may be set under the 
movable pointer and the two tolerance hands set 
at +O.81 and 


the zones of maximum-positive and negative 


0.40 mm, respectively. Then, 


parallax may be quickly brought into position 
and the instrument focused for each in turn. I 
the movable hand does not take a position for 
either of these settings outside the range on thi 
dial of the gage marked by the tolerance hands 
the parallax does not exceed +1 mil, and th 
lens is within tolerance. Lenses of this typ: 
can be checked for compliance with parallay 
tolerances at the rate of 30 per hour without 


placing any strain on the operator. 
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Volume Dilatometry 
By Norman Bekkedahl 


Phe volume dilatometer, although inexpensive and simple in construction and principle, 


is found to be a valuable research tool, not only for obtaining data on volume coefficients 


of thermal expansion, but also for studying phase changes in solids and liquids 


The prep- 


aration and operation of the volume dilatometer are described in detail An illustrative 


calculation is given using data obtained from volume-te mperature measurements on a sample 


of butyl rubber from about 30° to oO” 


dilatometer 


I. Introduction 


Dilatometers have been employed in various 
forms for the measurement of expansivity of both 
solids and liquids. Linear dilatometers of various 
types have frequently been used to advantage in 
determining the expansivity of metals and other 
olid materials. They cannot, of course, be used 
for measuring the expansivity of liquids, nor can 
hey be relied upon to give correct results for 
nonrigid solid materials. In the latter instance, 
however, the volume dilatometer can be used 
successfully. 

In addition to the simple determination of 
hermal eXPansivVity of solids and liquids, this 
nstrument has been used to great advantage in 
he study of phase changes. In experiments per- 
formed on unvuleanized natural rubber at this 
Bureau, it was found necessary, because of time 
ags In transitions, to study the phase changes of 
ibber by means of the dilatometer [5]? before 
itisfactory calorimetric Measurements of specific 

ats could be made. The volume dilatometer 
fered a convenient means for studying rates of 
rvstallization of vuleanized rubber [6], unvul- 


anized rubber |5, 24, |, 


39], of glycerine [35], and 


lso of sugar from a saturated solution [19]. 
Change of volume of rubber compounds has been 
tudied while they are in the process of being 


tretched |18, 22]. In the dilatometric work of 


Volume Dilatometry 


using mercury as a confining liquid in the 


Holt and MePherson 
of rubber upon stretching, this method proved 


118] on the crystallization 


simpler and produced more useful information 
than was obtained by the more elaborate X-ray 
1, 23). Mondain-Monval 


various 


techniques 26] deter- 


mined the transition temperatures fot 


sulfur and for selenium Several investigators 


used dilatometers to study volume changes during 
polymerization |14, 30, 33] and other reactions |15} 
The quantity of bound water in solids has been 
determined accurately by similar procedures [2, 8}. 

Second-order transitions have been studied by 
this simple method. Raw rubber, using alcohol as 
a confining liquid in the dilatometer, was found to 
undergo this 

70° C 


corresponding 


type of transformation at about 
5], whereas vulcanized rubber showed a 
change at higher temperatures, 
depending on the degree of vulcanization [5, 37, 
38] Various investigators have obtained consider- 
able information on the characteristics of the 
second-order transition by studying volume-tem- 
perature relationships for polystyrene and other 
plastic materials [8, 7, 13, 21, 27, 32]. Some of 
these authors, and also others [3, 20, 27, 32, 36), 
have studied the nonequilibrium features of this 
type of transition. Bover and Spencer |7] found 
the volume technique valuable in investigating the 
nature of polymeric mixtures and the homogeneity 
of copolymers. Jenckel and Ueberreiter [20, 21] 
likewise studied various substances, determining 
the effects of different molecular weights of poly- 
mers and also the effects of addition compounds 


on the temperature of this transition, 
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In previous papers on volume dilatometers 
5, 6, 10, 12, 13, 15, 16, 19, 21, 28, 33, 36, 38, 39], 





r 
the emphasis has always been on the results ob- 
tained, and the descriptions of methods of operation 
have usually been very brief or missing completely. 
Standard texts on measurements in_ physical 
chemistry do not include descriptions of the 
construction and operation of volume dilatometers. 
This paper has, therefore, been written in consider- 
able detail. The construction, operation, and 
method of calculating the results are described in 
full. The practices are similar to, but include 
marked improvements over, those previously used 
in this laboratory for investigations on rubber 
5, 6, 39]. Illustrative data are given, together 
with detailed calculations, vielding, for the first 
time, information on the expansivity of a butyl 


rubber pure-gum vulcanizate 


II. Sample 


A number of samples of different tvpes of rubber 
in different compounding formulas have been 
measured for expansivities by means of volume 
dilatometers. However, only one of these samples 
was chosen for use in this article to illustrate the 
procedures of volume dilatometry and the methods 
of calculating the results from the data. This 
sample was a vulcanized gum stock of butyl rub- 
ber, compounded according to the formula 


(GR-1 svnthetie rubber (buts 100 parts 
Zine oxide 1. 0 part 
Sulfur 1. 5 parts 
Butyl zimate 1. O part 

Total 103. 5 parts 


The compound was cured in the form of sheets of 
2-mm thickness for 60 minutes at 153° C. 


Ill. Preparation of Dilatometer 


The dilatometer is made solely from glass tubing 
and a glass capillary. The tubing from which the 
bulb of the dilatometer is made can be of any size 
convenient to fit the size and shape of the sample. 
The size of the capillary depends on the range of 
volume expected to be covered in a given set of 
measurements, which in turn depends on the size 
of the sample, its expansivity, and the range of 
temperature to be covered. The greater the uni- 
formity of bore throughout the length of the tube, 
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the simpler are the calculations and more reliable 


ure the results. 
1. Calibrating the Capillary 


The capillary used to make the dilatometer de- 
scribed here was approximately 500 mm in length 
and about 2 mm in inside diameter. The thick- 
ness of the wall of the capillary was about 3 mm. 
It was made from Pyrex glass by the Corning 
Glass Company and was described as “specially 
selected as to uniformity.” It was graduated 
along its entire length in millimeters. 

The capillary is calibrated by weighing mercury, 
ata known temperature, that had occupied known 
portions of the tube. In order to determine this 
volume with considerable accuracy, the zero 
(lower) end of the capillary is sealed to one arm of 
a capillary stopeock, the other arm of which is 
drawn toa smaller opening, thus forming a burette. 
In order to prevent air from being trapped in the 
stopcock, the mereury is introduced into” the 
capillary by “sucking” it up through the stopcock 
and into the capillary by means of a vacuum 
pump. 

After the level of the mercury in the completely 
filled capillary is recorded, a portion of the 
mereury, say from about 50 to 75 mm in length 
is run Out into a container and weighed. The 
volume of the capillary between these two levels 
is determined from the weight of the mereury and 
tables of its density [34]. This same operation is 
then repeated, beginning at each new level of the 
mercury in the capillary, until some level near the 
bottom of the capillary is reached. Care should 
be taken, however, not to work too close to the 
seal because of a possible abnormal size of the 
capillary in this region. From the volume of 
mercury occupying the space between the highest 
and the lowest levels, the average change of 
volume per unit length, in milliliters per millimeter, 
is caleulated. For the capillary used in these 
experiments the value was determined to be 
0.003720 ml/mm. 

Using the lowest recorded level of the capillary 
as a reference point, or as zero volume, the nominal 
volumes of the capillary at the other levels of 
calibration are calculated, assuming complete 
uniformity of internal diameter throughout the 
length of the capillary. At the various levels of 
calibration, these nominal or uncorrected volumes 
are compared with the actual volumes as obtained 
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The 


values 


by calibration differences between these 


two sets of vive the corrections of the 


capillary at these readings. If the true volume 
that 


lOrmity of bore, then the correction ts positive and 


is greater than obtained by assuming uni- 


f it is less, then the correction 1s negative. 

From these data a graph is prepared in which 
the correction for nonuniformity of the capillary 
reading of the 


s plotted as a function of the 


capillary graduations Corrections are zero, of 


course, at the highest and lowest levels of calibra- 





tion of the capillary. From this curve is deter- 
mined the correction to be applied to the linearly 
calculated volumes for any given level of capillary 


For the capillary used in the present Investigation 











the correction curve is shown in figure 1 For 
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asons that will be seen later in this paper, it 


s advisable to estimate the readings of the 


capillary to the nearest 0.5 mm and the weight 
f the mercury to the nearest 10 mney Krom these 
ilculations the volumes can be obtained to the 


earest 0.002 ml 


2. Adding the Sample 


The stopcock is removed from the capillary, 
nd the zero end of the capillary is then sealed to 


(see fig. 2, A and B). 


ne end of the 20-mm tube 


Into the large, open end of the glass tube is in- 


rted the weighed sample. In this experiment, 
sample of rubber was introduced in the form 
These 


rips were cut in various widths, so as to fill up 


strips cut from vuleanized sheets. 


‘ cross-sectional area of the tube. The weight 
f the rubber sample was 27.321 g. 

After the sample, there is inserted a hollow 
ilb made from the same type of glass as the 
latometer. The arrangement up to this point, 


hich can be seen in figure 2, C, is sealed off just 
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Figure 2 Step the construction and filiing o 
dilatomete 


above the hollow bulb, forming the completed 


The sole 


object of the small, hollow bulb is to allow the 


dilatometer illustrated in figure 2, D 
sealing of the dilatometer without unduly heating 


the specimen and without increasing the net 


volume of the dilatometer. Sealing the dilatom- 
eter at the same distance from the specimen with- 
out the presence of the bulb may avoid overheat- 
ing the sample, but it leaves more space to be 
occupied by the confining liquid, thusdecreasing 
the precision of measurement. As the hollow 
bulb is made of the same material as the rest of the 
dilatometer, no correction need be made for its 
volume or its expansivity. The insertion of the 


bulb is therefore equivalent to reducing the net 
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volume of the dilatometer. Depending on the 
shape of the specimen, the volume of a sample in 
a dilatometer constructed in this manner may 
occupy as much as 75 percent or more of the total 
The dilatometer in 
this form is then weighed. For the experiment 
described here the weight of the dilatometer 


volume of the dilatometer. 


including the sample was 122.22 g. 

In an effort to eliminate the process of heat- 
sealing the glass bulb, one of the experimental 
dilatometers was prepared a little differently. 
Its bulb was made up of two parts, the bottom 
and the top halves joined to each other by means 
ofa ground joint held together by springs. Al- 
though this bulb gave no real trouble, it required 
considerable care to keep it tightly closed, and less 
confidence was felt’ in’ the ground-glass joints 
through which there was always the possibility 
of a leak. 

Still another variation from the above-described 
dilatometers has been found necessary when the 
sample under investigation is soft enough to flow 
and Is less dense than the confining liquid. In 
one experiment a soft polymeric material, under 
upward pressure from the mercury, was forced 
into the capillary on a rising temperature but 
would not return to the bulb on cooling. For 
use with substances of this type the capillary can 
be given a U-bend near the bottom, thus inverting 
the bulb. 


3. Choosing the Confining Liquid 


A confining liquid to be used in the dilatometer, 
in order to be entirely suitable for the purpose, 
must satisfy certain requirements It must exist 
in the liquid state over the entire range of tem- 
perature in which measurements are desired. It 
must bave a vapor pressure sufficiently low that 
none of the liquid is lost by evaporation during 
the course of experiment Its viscosity must not 
become unduly high at the lower temperatures. 
It must have little or no swelling action on the 
specimen. Its expansivity must be known accu- 
rately over the entire range of temperature for 
which it is to be used. In the present investiga- 
tion mereury was used as the confining liquid 
because tt satisfied all these requirements. Mer- 
cury is to be strongly gecommended for use in all 
investigations not requiring measurements below 

39° C 
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In earlier work on rubber in this laboratory 
other confining liquids have been used [5]. Water 
is satisfactory near room temperature, but the 
relatively small range of temperature between its 
feeezing and boiling points greatly limits its 
usefulness. There are a number of organic 
liquids that are suitable for use at low tempera- 
tures. Acetone and the alcohols have been used. 
However, these liquids produce some swelling of 
natural rubber over long periods of time. This 
swelling was not observed to produce any change 
in expansivity, but in one instance swelling by 
acetone probably displaced the second-order 
transition of unvuleanized natural rubber to a 
lower temperature [5]. It is recommended that 
methyl aleohol be used in work at temperatures 
below 39° C 


mav also prove to be useful in this range of 


Some of the new liquid silicones 


temperature 
4. Adding the Confining Liquid 


The dilatometer is placed in its normal upright 
position (see fig. 2, E) for the insertion of the 
confining liquid. Into the eapillarv is inserted a 
fine wire, about 0.4 mm in diameter, of such 
length that it reaches into the bulb of the dilatom- 
eter and rests against the specimen. Thi 
composition of the wire must be such that it is 
inert to both the sample and the confining liquid 
The wire is then cut off at a point about 5 em 
above the top of the capillary. The object of 
this wire is only to allow any entrapped air to 
pass more freelv through the confining liquid In 
the capillary, and it is removed before measur: 
ments are made. <A three-way stopcock is con- 
nected, by means of a short length of heavy 
walled rubber tubing, to the top of the capillary 
allowing the top of the wire to enter into the tub 
of the stopeock. A diagram of these connections 
can be seen in figure 2, E; but in order not to 
make the drawing too involved the wire is not 
Through the 
dilatometer can be connected either to a mercury) 


shown. three-w ay stopcock th 


reservoir or to an efficient mechanical-typ 
vacuum pump. 

The dilatometer is first connected to the vacuun 
pump in order to remove the air from the confinin 
spaces of the dilatometer and also from the sampl 
This operation sometimes requires but a few mu 
utes, and other times it takes several days, depend 
ing on the quantity of gas dissolved in the spe« 
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nen. Gases must be removed quantitatively, 
because their expansivities are usually much dif- 
ferent from that of the sample, and their volume 
changes are also greatly dependent on variations 
After the dissolved 


or entrapped air ts thought to be removed, the 


n pressure exerted upon them. 


stopeock is turned in order to allow the confining 
liquid to enter the dilatometer, including part of 
he capillary 

(nv small amount of gas entrapped in the dila- 
The 


in the capillary is measured 


ometer can be determined quantitatively 
evel of the liquid 
vhen the dilatometer is at atmospheric pressure 
Then, at the same temperature, a vacuum is ap- 
lied to the capillary tube The presence of en- 
rapped air in the dilatometer causes the level to 
The 


imount of rise, however, depends not only on the 


se to a steady state in the capillary 
quantity of gas entrapped and the pressure change, 
ut also on the compressibility of the materials 
n the dilatometer and of the dilatometer itself 
The increased level of the liquid is noted 

For the dilatometer and its contents described 
n this investigation the increase in height of the 
mercury upon application of the vacuum was 1 
mm, which is equivalent to a volume of 0.0037 ml 
From the volume compressibility of soft: vulean- 
[31], the 


olume of the rubber in the dilatometer increases 


cod rubber, about 50 107° per bar 


about 0.0015 ml for a decrease in pressure of 


one atmosphere. Similarly the volume of the 


mercury increases by about 0.0001 ml. A decrease 


of pressure inside the dilatometer also tends to 
dilatometer by an 


All three 


therefore, cause the level of the 


decrease the volume of the 


mount that has not been caleulated 
of these factors, 

ercury to rise in the eapillary when the dila- 
This 
the increase in volume arising from 
total 


ometer 0s subjected to a reduced pressure 
ans that 
hese factors must be subtracted from the 
bserved increase in volume in order to calculate 
volume of any gas inside the sample. The 
ue thus obtained is 0.0021 ml or less. 
Phe reading for the mercury level in the capillary 
room temperature was 368 mm above the zero 
lf it is assumed that the gas bubble was near the 
ddle of the specimen, about 90 mm below the 
erence zero, a hydrostatic pressure of 458 mm 
this 


le vacuum conditions existed above the mer- 


mercury was exerted on bubble of gas 


v. Under normal atmospheric conditions the 


Volume Dilatometry 


pressure on the gas bubble was therefore about 


1,218 mm of mercury. From the gas laws, 


Vt VY, 


1,218 
in which V, is the volume of the gas bubble with 
atmospheric pressure on the mercury and V, the 
The 


volumes was measured in the capillary as 


volume with vacuum. difference in these 


V.— V,=0.0021 ml. 


l 


Solving the two equations for the volume V,, one 
arrives at a value of 0.0013 ml of gas in the dila- 
Experience has shown that this small 
After volume-tem- 


tometer. 
quantity of gas is negligible 
dilatometer are 


perature measurements for the 


completed, the resulting data may be used to 
calculate the error caused by this quantity of gas. 

After adjustment of the level of the liquid in the 
capillary, the dilatometer is again weighed in order 
to determine the quantity of confining liquid. I 
sore of the confining liquid must be removed from 
the capillary, it can easily be done by inverting the 
dilatometer and playing the wire inside the capil- 
larv. The weight of the dilatometer, including the 
sample and the liquid used in the present investi- 
gation, was 386.93 g, of which 264.71 g¢ were there- 
fore mereury. 

If a confining tiquid is used that is too volatile 
to be added conveniently by the above procedure 
employing a vacuum, the liquid can be added by 
subjecting the dilatometer bulb alternately to high 
this 


containing the confining liquid is fastened to the 


and low temperatures. In case, a funnel 


top of the capillary 


IV. Experimental Procedure 


used for making 
A cy lindrical 


flask of about 6-liter capacity contains the baths 


The assembly of apparatus 


these measurements is quite simple 


of alcohol and of water that are used, depending 
on the temperature range of the experiment. For 
temperatures below 0° C it is recommended that a 
vacuum-jacketed evlinder be used as the container 
for the bath. 
actually necessary for proper operation but pro- 


Measure- 


conducted on several dilatometers 


This type of bath container is not 


vides easier control of temperature, 


ments may be 
the same run. An efficient 


in the bath during 


stirrer is required to maintain uniform tempera- 
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ture throughout the bath. Heat may be furnished 
the bath by means of an electrical immersion 
heater controlled by a variable-ratio autotrans- 
former. The temperature of the bath can be 
measured by calibrated thermometers capable of 
reading to the nearest 0.1° C. 

A determination of the density of the sample 
must be made in order to obtain the volume of 
the specimen in the dilatometer. The prepara- 
tion of the rubber sample for the density measure- 
ments and the method of determining the density 
were the same as those deseribed in detail in 
another article [40]. This method of hydrostatic 
weighings is an excellent method for measurement 
of density [4] if a liquid is available whose density 
is accurately known, and if the liquid has no 
solvent action on the sample to be measured. 
Utilizing an analytical balance having a sensitivity 
of 0.1 mg, density values can be obtained that 
ure reproducible to about 0.0002 ¢ cm* or better. 

For each set of measurements of volume- 
temperature in the dilatometer there must be 
recorded the room temperature, the reading of 
the dilatometer-stem at the surface of the bath, 
and also the reading of the thermometer-stem at 
the bath level. 
subsequent stem corrections for both the dilatom- 


These data are necessary for the 


eter and the thermometer. 

With the stirrer operating and a constant and 
uniform temperature attained, readings are first 
made of the liquid levels of the dilatometer 
capillary and of the thermometer. Dry ice is 
then added to the alcohol bath in order to cool 
to the proper temperature. With mercury as a 
confining liquid, the lower temperature of measure- 
ment is limited to about 39° C because of the 
freezing of mercury. After the bath and dila- 
tometer have remained at the lower temperatures 
sufficient time to be sure of temperature equilib- 
rium, measurements are made of capillary and 
thermometer readings. The temperature is then 
allowed to rise slowly, usually less than 0.5° C per 
minute. A faster rate of heating may cause a 
lag of temperature between the sample and the 
bath. The safe rate of heating can easily be 
checked by adding powdered dry ice in a quantity 
just sufficient to hold the temperature constant. 
If the capillary reading at this constant temper- 
ature checks with the equivalent one made on a 
rising temperature the rate of heating can be 
considered safe. If the test indicates a lag of 


150 








temperature in the dilatometer the heating rat 
should) be reduced. The maximum allowab! 
rate is, of course, dependent on the heat con 
ductivity of the confining liquid and the sampk 
and also on the size and shape of the specimen iu 
the dilatometer. The rate of heating can b 
regulated very easily bv either the controlle: 
addition of dry ice or by the controlled applicatior 
of current in the heater. 

When the temperature is reached where th 
liquid of the dilatometer approaches the top of th: 
capillary, the heating is discontinued and thy 
temperature allowed to attain that of the room 
at which time the temperature and volume read 
ings are again noted. A rought graph is plotted 
between the temperature and the capillary read 
ings. The two values obtained at room tempe 
ature, before and after the run, should both lie on 
the smooth curve obtained from data of the ru: 
unless there has been introduced some disturbing 
influence, such as the transformation to a different 
phase of the material or the formation of gas ir 
the dilatometer. 

Where data are desired at temperatures highe: 
than those attained in the previous experiment 
confining liquid must be removed from thy 
dilatometer in order to bring the level nearer thy 
bottom of the capillary. The dilatometer and 
contents need not be reweighed after this opera- 
tion, as the volume of the dilatometer has alread) 
been established from previous data. Experi- 
mental data above room temperature are ther 
taken in the same manner as in the previous ru! 


1. Calculations 


Table 1 includes all the data taken from tly 
present experiment that are necessary for calcula- 
tion of results, with the exception of the ealibra- 
tions of the capillary tube, which are shown i 
figure 1. The experimental data in the tabl 
begin with the weight of the sample, on line 
and continue through line 11, the capillary read- 
ings as measured. All figures in the table below 
this latter line are calculated from the previous 
listed data. 

In the bottom line of the table are recorded t! 
corrected temperatures. These figures include t! 
previously determined corrections for the inace 
racies of the thermometer and also the correction- 
for emergent stem. The latter corrections a 
made according to the usual procedure [11], taki 
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TABLE | Fx peri 


mental data and calculated values for the volumes and densities of a sample of butyl qum rubber ina 


dilatometer 


Weight of 
Weight of sample and dilatometer 


sample 


Weight of sample, dilatometer, and mercury (first series 
] remperature of room during dilatometric measurements 
Capillary stem reading at level of bath 
t Thermometer stem reading at level of bath 
Capillary size, assuming uniform 


& Density sample at 25° ( 


» Capillary calibr mn 
First 
Phermor gs (measured ( 23.7 
1 Capillary readings (measured mm wR. 0 111.4 
2 Capilla idin tem-corrected mm 68.0 111.0 
Capillary il uncorrected for irregularity ml 1. 369 0. 413 
4 Corrections for irregularity (fig. 1 mil +0. 016 006) 
Capillary volume corrected for irregularity ml 1. 385 414 
rotal volume of contents (uncorrected ml 48. 834 17. 868 
rotal lu corrected for glass ex 
pansior nl $8. 8354 47.54 
&S Volumes of me j nl 1¥. 0 19, 385 
+ Volum nl 29. 274 2s. 464 
a Densit n 0.9 OHO) 
Specific my ’ 1.07 1, 0417 
I peratt ! i 25.0 24.2 
Hyd i ‘ t 
nto account the coefficients of expansion of both 


the glass and the liquid inside the thermometer. 
The corrections for the emergent stem of the 
dilatometer are made in a manner similar to that 
ised for the emergent stem of the thermometer. 
The difference between the expansivity of mercury 


ised in the present dilatometer [34] and that of 


Pvrex glass [9, 17, 29 





is 0.00017 per degree C 
In table 1, line 12, are given the capillary readings 
fter correction for emergent stem. The formula 
by which they are corrected is 
correction=K (t—t,) (R—R, 
which A is the coefficient previously described 
1.00017, if mercury is used in Pyrex glass), ¢ is 
le temperature of the bath in degrees centigrade, 
is the temperature of the liquid in the emergent 
stem, which is practically the same as that of the 
room, FP is the rezding of the level in the capillary 
millimeters, and FR, is the capillary stem-read- 
the level of the bath. 
e made to the experimental readings to the 


y al These corrections 
arest 0.5 mm. 

From the stem-correeted dilatometer capillary 
adings (table 1, line 12) and the average size of 


capillary in milliliter per millimeter (line 7) 
e capillary volumes, uncorrected for irregularity 


olume Dilatometry 


7 321 


122.22 ¢ 
i8H.93 ¢ 
27° C 
100 mm 
mC 


0.003720 mi/mm 


0.933 en 
Figure 1 
rh Second ser 
1.8 10.2 4] ’ 67.2 R1.4 
212 mua si lt 0 227.0 207.0 70.0 
212.0) 200.0 sv 163.0 227 Qua. 0 2 
0. 789 1.079 0). 249 0. 0. S4f 1.109 1. 386 
O16 0. 018 004 012 017 0.018 0.01 
~ 1. 007 Wy ols wt 1.127 Y 
18. 254 $8. 54t 47. 752 48. O67 48.312 48. 57¢ is.8 
48. 240 18. 530 47. 752 48. ( 18. 326 $s. Se {&. STA 
19. 457 19. 50S 1s. 478 Is 18, 57 18, 620 18. O67 
® TS 29. 031 20. 274 20. 442 20.751 20. OTF ). 211 
0. 9492 0.9411 0.93 0. 9248 0. 918 0.9114 0.904 
1. O535 1. O62F O715 1. ON USSU 1. 0972 1. 1058 
0 1 25. ( 41 ) 67 SI 
line 13), are calculated for all of the temperatures 


of measurement recorded in the table. To these 
figures are added the corrections for nonuniformity 
of bore of the capillary (line 14 


rected volume of mercury in the capillary (line 


giving the cor- 


15). For the capillary used in these experiments 


the corrections (see fig. 1) are all positive, which 
indicates a continuous decrease in the diameter of 
the tube in going up the capillary. Any abnormal 
size of the capillary near the zero reading or below 
the calibrated portion of the capillary will cause 
no error in the calculations, as the difference caused 
by this abnormality is taken care of in the calcula- 
tions for the size of the bulb of the dilatometer 

A curve plotted from the original data, capillary 

that the 
368.0 


readings versus temperature, showed 


mereury in the dilatometer stood at mm 
at 25° C 


dilatometer readings in the first column of figures 


Since the values for temperature and 


were obtained from the graph and not directly 
from measurements, they are placed in paren- 
theses. <A fifth 
column of figures, the level of the mercury being 


similar situation exists in. the 


different because some of the confining liquid had 
been removed, and the total volume was therefore 
of course, no stem correction 


changed. There is, 


to be made at room temperature. From the 


zero reading of the capillary, which is used as a 
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reference point, the volume occupied by the 
mereury of the stem, assuming a uniform bore 
throughout, is 368.0% 0.003720, or 1.369) ml. 
From the calibration curve for the capillary, 
which was made previous to the preparation of the 
dilatometer and shown in figure 1, the correction 
at this height for nonuniformity of bore is found 
+0.016 ml. Therefore, the true volume 
of mercury in the capillary at 25° C is 1.385 ml 


The volume of the dilatometer contents is 


to be 


determined from the weights and densities of the 
specimen and the confining liquid. For the 
present experiment the density of the sample of 
vuleanized butyl gum rubber was measured by 
means of hydrostatic weighings in distilled water 
and found to be 0.9333 g/em*® at 25° C. The 
27.521-g specimen therefore occupies a volume of 
29.274 em* at 25° CC. At this same temperature 
the density of mercury is 13.5340 g/ml, and there- 
fore the 264.71 g of confining liquid used in the 
first series of experiments occupies a volume of 
19.560 ml at 25° C. This gives a total volume 
of 48.834 ml for the contents of the dilatometer 
at 25° C 

The weight of mercury of 264.71 g was that used 
only for the first series of experiments, performed 
therefore could 


below room 


not be used in calculating the results tabulated 


temperature, and 


in the second series, which were made above room 
temperature. The experiment described in’ the 
second series was made after some mercury had 
been removed in readjusting the level of the 
confining liquid in the capillary. At 25° C, 
the mercury level after readjustment stood at 
80.5 mm in the This 
height corresponds to a volume in the capillary 
of 0.299+-0.004, or volume. 
The capillary volume at 25° C 


dilatometer capillary. 
0.303-ml corrected 
in the first series 
1.385 ml. Therefore, the 
mercury removed was 1.082. mi, 
This left a weight of mereury of 


was calculated to be 
amount of 
or 14.644 g. 
250.07 g in the dilatometer for the second series 
of experiments. 

The volume of the contents of the dilatometer 
(mercury plus sample) in the first series of measure- 
ments was calculated to be 48.834 ml at 25° C. 
Subtracting the volume of the mercury in the 
capillary at this temperature, 1.385 ml, leaves a 
volume of 47.449 ml for the bulb at 25° CC. In 
order to determine the total volume of the contents 
at other temperatures, the bulb volume of 47.449 
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ml is added to the corrected capillary volumes 
This total volume (table 1, line 16) must, of 
course, be corrected further for the expansion or 
contraction of the glass of the dilatometer itself. 
The corrected volumes at other temperatures, V),, 
may be calculated from the equation 
V=V45 [14+0.000010 (t—25)], 

in Which VV; is the total volume of the dilatometer 
contents at 25° C, ¢ is the temperature in degrees 
centigrade, and 0.000010 is the volume coefficient 
of expansion of laboratory Pyrex 
19, 17, 29). These corrected volumes are recorded 
in line 17 of the table. 


glassware 


The volumes of the mercury at the different 
temperatures (table 1, line 18) are calculated from 
the densities of mercury given in Internationa! 
Critical Tables [34]. It was found that, for the 
range of temperatures covered in these experl- 
ments, the volumes of mercury could be calculated 
to a precision of nearly one part in 100,000 by 
means of the equation, 

M  (0.073554+-0.0000134 ¢), 
in Which V is the volume of the mercury in the 
dilatometer in milliliters, 17 is its weight in grams, 
0.073554 is its specific volume in milliliters pet 
gram at 0° C, 0.0000134 is the temperature 
coefficient for its specific volume, and ¢ is the 
temperature in degrees centigrade. 

The volumes of mercury (table 1, line 18) are 
subtracted from the corrected total volumes (line 
17) in order to obtain the volumes of the sample 
at the various (line 19). The 
calculations for the densities (line 20) and the 


temperatures 


specific volumes (line 21) are then made from thi 


calculated volumes and the weight of the sample 
in the dilatometer. 

Table 1 illustrates the method of calculating the 
specific volumes and densities of the specimen at 
different temperatures. It contains only a repre- 
sentative portion of all the capillary and temper 
ature data recorded in the experiments. Th: 
results calculated in the table, together with th 
results calculated from all the other data not 
recorded here, are reproduced in figure 3, which 
shows a graph in which the densities and the 
specific volumes of the sample of rubber ar 
plotted as a function of the temperature. The 
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slope of these curves vives the changes in density 


ind specific volume with respect to temperature, 


dp qd 
aT ™ dT 


\ differentiation with respect to temperature of 


the equation, p=m/\’, where m is the mass of the 


sample, cIVeS 
dp d Mm mn dV 
dT dT ) v (ar) 
From this, one may obtain the equation 


1 dp lydV 
dar) var) 


It will be noted that all of the values of specific 
volume are represented in the graph by a straight 
line. The points representing the densities, how- 
ever, fall on a curve that is slightly concave up- 
ward. Since p=m/\, it is evident that p and V 
cannot simultaneously vary linearly with 7 at any 
given temperature. If one of these varies linearly 
the other must vary hyperbolically. Instead of 
drawing a curve to try to fit all of the values of 
density, a straight line was drawn that represents 
The object 
of this curve is to calculate the density coefficient 


its tangent at a temperature of 25° C. 
at room temperature. From a large-scale draw- 
ing of the same graph, both the specific volume 


and the density curves show the coefficients 
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(1/V) (dV/dT) and (l/p) (dp/dT) to be 
0.000567 deg C at 25° C. 
percent lower than that found for pure-gum 


This value is about 15 


vuleanizates of natural rubber [6]. 


2. Precision of Measurements 


The values of the densities of a sample deter- 
mined in a dilatometer at different temperatures 
can be of no greater precision or accuracy than 
the density value used as reference. For samples 
such as that used in these experiments and the 
method used to measure the density, the repro- 
ducibility of values of this constant is about 
t 0.0002, or about two parts in 10,000. There- 
fore all other measurements should, if possible, 
be carried out to insure this continued precision. 
In order to do this, the weight of the specimen 
should be measured to the nearest 1 mg. The 
mercury, and thus the dilatometer too, should be 
weighed to the nearest 10 mg. The readings of 
the capillary of the dilatometer should be esti- 
mated to the closest 0.5 mm, which is equivalent 
to about 0.002 ml. The accuracy of the tem- 
perature should be within 0.1 deg, as an error of 
0.1 deg is equivalent to about 0.002-ml volume 
change for the contents of the dilatometer. The 
corrections for the capillary must, of course, fall 
within these same limits. 

It seems, therefore, that the limiting factors 
in the precision of the method are the ability 
to make precise measurements of temperature 
and of height of mercury in the capillary. The 
precision of these measurements could, of course, 
be stepped up to some degree, but this would serve 
uo useful purpose unless the density values were 
more reliable. From the position of the indi- 
vidual specific volume values with relation to the 
curve in figure 3, it would appear that the expan- 
sivity values are good to within | pereent. This 
is equivalent to an error of +0.0003 in the den- 
sity or specific-volume values at the extreme ends 
of the curves. 

In order to obtain precise results in expansivities 
the samples must be free from gases. The error 
caused by the presence of small amounts of gas 
can, however, be calculated. For example, it 
has been demonstrated that in the experiments 
deseribed in this article there was about 0.0013 
ml of gas in the dilatometer at room temperature. 
At the lowest temperature at which measurements 


were made, —23.7° C, the capillary reading was 
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111 mm above the zero. If, as before, the bubble 
is assumed to be in the center of the sample, 90 
mm below the zero reference, the pressure on the 
bubble of gas would be 961 mm of Hg. At 25° 
C it was found to be 1,218 mm. The 0.0013 ml 
of gas in the dilatometer at 25° C had therefore 
been changed at —23.7° C to 


273—23.7_,1,218 
») >” x 


- 0.00 l. 
73+25 ~* 961 ism 


0.0013 X 


The difference in volume of the gas between 25° C 
and —23.7° C is therefore only 0.0001 ml, which 
is beyond the limits of experimental measurement. 
The effect of this quantity of gas can therefore be 
disregarded. The same holds true for those 
experiments performed above room temperature 
for the same dilatometer and contents. 

The precision of this type of a dilatometer can, 
of course, be increased to bevond that described 
here. In order to do this one must be able to 
measure more accurately the temperature and the 
volume. The temperature-measuring instrument 
must be able to read smaller intervals of tempera- 
ture and to have greater accuracy. The rate of 
heating must be made slower and more uniform, 
or it may be advisable to make measurements at 
constant temperatures and increase the tempera- 
ture stepwise. The volume could be read more 
precisely if a capillary of smaller diameter were 
used. This, however, introduces more trouble 
in adding the confining liquid and regulating the 
level in the capillary before measurements are 
started. Madorsky [25] inserted wire of known 
and uniform diameter into the larger capillaries 
of his dilatometers, thus making them more sensi- 
tive. The range of temperature that a dilatom- 
eter can cover ina single experiment is, however, 
greatly decreased when using smaller capillaries. 
Gibson and Loeffler [16] and Burlew [10] used 
dilatometers of a different design and were able 
to weigh the mercury equivalent to the change in 
volume, thus increasing their precision. Their 
dilatometers were simplified by the fact that they 
were made for liquids only. 


V. Summary and Conclusions 


A somewhat detailed description has been given 
of the construction, calibration, and operation of 
a simple volume dilatometer, and also of the 
method of calculating specific volumes, densities, 
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and expansivities of solids or liquids from data 


obtained by measurements employing this type 


of dilatometer 
simple and 
construct. 

surements to a& precision of about 1 percent 


transitions 
that 
pure 


that 
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The instrument is a relatively 
inexpensive piece of equipment = to 
It can give volume expansivity mea- 
Its 
provides an excellent method for the study of 
Illustrative data are given showing 
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Relation Between Entrance and Exit Pupils of 
Telescopic Systems 


By Irvine C. Gardner 


rhe definitions of the entrance and exit 


terms Of paraxial imagery only 


to apply to extra-axial points and to include tl 


i¢ effects of pupil aberrations 


pupils, as commonly given, are formulated i 


For tek scopic systems the definitions have been extended 


If a telescopic 


system is free from distortion and an incident plane wave emerges as a plane wave free 


from aberrations, it is shown that exact relations between conjugate chords in the entrance 


and exit pupils can be derived by application of principles of the wave theory. These 


results are applied to give the variation in theoretical resolving power over the field of a 


telescopic system 


incident beam to that in the emergent beam 


object and image planes is derived. 


Several publications! have appeared recently 
n Which it has been shown that there are depart- 
ires from the cosine-fourth-power law governing 
the brightness of an image formed by an optical 
system that have their origin in the aberrations 
that exist between the entrance and exit pupils 
onsidered as conjugate areas. By conservation 
of energy considerations, general relations be- 
iween conjugate areas in the pupils can be 
derived. In this discussion it is shown that for 
an idealized telescopic system in which the enter- 
ng and emergent wave fronts are rigorously 
plane, it is possible, by applying the wave theory 
of light, to derive relations between conjugate 
chords in the entrance and exit pupils that indicate 


the presence of aberrations. The values of these 


aberrations are shown to be consistent with the 
relations between conjugate areas derivable by 
energy considerations to which reference has been 
made, 

For the derivation based on the wave theory of 
light, let it be assumed that figure 1 represents a 
lelescopie system that produces an image of an 
nfinitely distant object free from all aberrations 
except distortion. 


ronts, therefore, are assumed to be rigorously 


Incident and emergent wave 





plane. An incident beam of parallel rays making 
“lusareff, J. Phys. USSR 4 1941): M. Reiss, J. Opt. Soe. Am 
1 1. C. Garde IR irch NBS 39, 21% (1947) RPIS24 


Pupils of Telescopic System 


Equivalent relations are derived by equating the flux of energy in the 


\ relation between the illuminations of the 


an angle, 8, with the axis is shown entering the 
system from the left. The line AB of length | is 
the trace, in the meridional plane, of the segment 
of the wave front that is transmitted. 
AB’, of length l’, is the trace of the emergent 
wave front corresponding to a beam of parallel 


Similarly, 


The value 
of the radial magnification, .\/3, is defined by the 


rays making an angle 8’, with the axis. 


equation 
cos’ Bdp’ 
cos* B’dB 


d(tan B’) 


Ms d(tan £6) 


(1) 


If the telescopic system is free from distortion, the 
magnification is independent of 8, and eq 1 
becomes 


\J=tan 6’/tan 8B. (2) 


The dotted line, AC, is the trace of a second 
incident wave front that makes a small angle, 8, 
with AB. If d\ represents the length CB, 








dB=—dadxil, (.3) 
1 . ; 
tA +3 ‘ 
B | f~\ me \ 28 
t i, \. 
 =-s, es 
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Figure 1 Diagrammatic sketch of telescopic system 
showing conjugate beams in the object and 1 mage spaces 
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an expression that is approximate for small values 
of dy and dg, and exact for the limit as dg ap- 
proaches zero. Similarly A’C” represents the wave 
front AC after transmission through the telescopic 
svstem and 


dp’ =dn' /l'. (4) 


Since wave fronts AB and AC are conjugate to 
wave fronts A’B’ and A’C” respectively, it follows 
that the optical paths 1 _a,8 RB’, and 
es . ee Therefore, if the indices of 
refraction are the same in the object and image 
BC and B’C”’ are equal and dd/dd\'=1. 
Combining eq 1, 3, and 4, 


are equal. 


spaces, 


l’ l cos” p 
lL AMB5 cos? 3" 


which is a general relation between the diameters 
of right cross sections of any pair of conjugate 
incident and emergent beams measured in the 
meridional plane 

At this point it is convenient to formulate exact 
definitions for the entrance and exit pupils of a 
telescopic svstem applicable to object and image 
points not on the axis and in which the effects 
of aberration are not ignored. Let it be assumed 
that the entrance and exit pupils for paraxial rays 
are determined in the usual manner. These pupils 
determine two planes, which will be designated the 
pupil planes, normal to the axis of the system and 
conjugate in terms of first-order imagery. For an 
infinitely distant object at any angular distance, 
8, from the axis there are conjugate cylindrical 
beams in the object and image spaces, which have 
the maximum cross sections that are transmitted 
without obstruction by the diaphragms of the 
optical system. The oblique cross section of the 
incident beam in the entrance pupil plane is the 
entrance pupil corresponding to the angle 8, and 
similarly the cross section of the emergent beam 
in the exit pupil plane is the exit pupil correspond- 
ing to the same object point. In general, because 
of the aberrations existing in the two pupil planes, 
the pupil areas and perimeters will vary with the 
angle of obliquity of the incident beams. An excep- 
tion will occur in a pupil plane that contains a 
physical diaphragm. 

Now, in accordance with these definitions, if 
p and p’ are the diameters of the entrance and 
exit pupils measured in the meridional plane. 
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p=leos B and p’=l'/cos 8’, respectively. Con 


sequently, from eq 5 


py’ 1 cos* B 
p Ms; cos* p’ 


Equation 6 indicates that the entrance and exi! 
pupils, though conjugate so far as first-order image 
theory is concerned, are not sharply defined but 
that the ratio of the meridional diameters is 
function of the angles of incidence and emergence: 
Furthermore, 
since the incident and emergent wave fronts ar 


of the beams under consideration. 


rigorously plane, the second member of eq 6 is 
not only the ratio of the meridional diameters 
but is also the ratio of any pair of conjugate chords, 
in the entrance and exit pupils respectively, 
parallel to a meridional plane. 

Now assume that m is the diameter of thy 
entrance pupil measured in a direction at right 
angles to the meridional plane. Furthermore, 
assume that a wave front of the incident beam 
shown in figure 1 is rotated about an axis paralle! 
to the meridional diameter (a rotation analogous 
to that illustrated in fig. 1 but with the axis of 
rotation turned through 90° in the plane of the 
wave front) through the small angle dy, thereby 
advancing one end of the diameter through thi 
length dy from the origina! plane of the wav 
front. 


then 
dy=—dy/m, 7 


a relation rigorously true in the limit. As a 
consequence of this rotation, the azimuth of ar 
incident ray normal to the wave front, measured 
as a rotation about the axis of the telescopy 
system, is changed by the amount d¢, where 


do dy m sin B. 5 


For an analogous rotation in the image space, i! 
m’ is the diameter of the exit pupil, measured in 
a direction at right angles to the meridional plane, 


do’ =dy'/m’ sin B’. (9 


In a symmetrical telescopic system d@ always 
equals d¢@’. 

Furthermore, as before dy=dy’ if the indices of 
refraction of the media of the object and ima 


spaces are the same. Combining eq 8 and 9 


m’ sin B 
m sin pg’ 
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between the 


relation 


doa general diameters, 


easured in a direction normal to the meridian 
Jane, of a pair of conjugate beams in the object 
nd image space, respectively, has been obtained 
furthermore, by an extension similar to that pre- 
iously made, the ratio of the second member of 
4 10 applies not only to the two diameters but to 
ny pair of conjugate chords, one lying in the 
bject space and one in the image space, respec- 
vely, and normal to the meridional plane. 
From eq 6 and 10 it follows that 


Ss” 1 sin 8 cos’ B l 
S M, sin p’ Cos 8’ 


tan B cos‘ B 


; »> (LI 
M, tan p’ cos‘ B 


vhere S and S’ are the areas of the entrance and 
sit pupils corresponding to conjugate incident 
ind emergent beams of rays making angles 8 and 6’, 
espectively, with the axis. 

If the telescopic system is free from distortion 


nd is of magnification 7, eq 11 becomes 


, 


S 1 cos' B a 
SM? cos' B”’ ae 

Equations 6 and 10 have interesting applica- 
tion to the variation of resolving power and bright- 
ness of image with angular distance from the center 
of the field 


sual purposes and is so designed that the exit 


If a telescopic system is used for 


pupil is larger than the entrance pupil of the 
observer's eve, it follows that the angular limit of 

solution in the image space is the same in any 
In the object 


space the corresponding angular limits of resolu- 


plane containing the axis of the eve. 


on in the meridional plane and in a plane at right 
M cos? B’) and cos pb (Mf 
s 6) times the corresponding values (which are 


ngles to it are cos" Bg 

jual) in the image space. These ratios correspond 

»constant values, independent of 8, of the ratios 
tan B)| ld (tan B’ 


On the other hand, if the telescopic system Is so 


land ddd’ over the entire 


signed that the clear aperture of the objective 
the limiting diaphragm of the system and the 
| pupil is smaller than the eye of the observer, 
n the limits of angular resolution in the object 
we are proportional to 1/(p cos B) and lm, 
spectively, in the meridional plane and in a 
ine at right angles to it which contains the chief 


v. The corresponding limits of resolution in the 


ge space are proportional to \/ cos* B’)/cos* B 


Pupils of Telescopic System 
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In most tele- 
scopic systems the angular field of view is so small 


and (VM cos 8’)/cos 8, respectively. 


that this variation of resolving power is not of 
great practical value but it is of interest as pre- 
cisely defining the idealized performance of a 
perfect telescopic system. 

It should perhaps be mentioned that a similar 
application of the principles of wave theory to a 
photographic objective is not as straight forward as 
If either 


the object or image is at a finite distance, the ratio 


the application that has just been made. 


of the tangents is not sufficient to define distortion 
because there is an additional contribution arising 
from the spherical aberration of the pupil points. 

Equation 11 may also be derived by energy 
consideration in a manner similar to that described 
by Slussareff, Reiss, and others (see footnote 1). 


In this direction, referring to figure 2, assume that 





—- CQ ——-— 


Kiet RE 2. Diagrammatic she tch of tele scopic SUs- 
tem showing elements of arca used in energy sum- 


mation ™ 


f, and fy are the objective and eyepiece parts of a 
telescopic system and that AA and AA’ are two 
conjugate elements of area in the object and image 
planes, respectively, of the complete system 
Sunilarly, AS and AS’ are two conjugate elements 
of area in the entrance and exit pupils respectively, 
and Band /’ are the brightnesses in the directions 


B and £p’ 


elements. 


respectively, of the object and image 
The length, e, 
to simplify the formulation of eq 13, which is valid 
If AF is the flux transmitted 


is represented as finite 


for all values of e. 
from AA to AS, 


, 


BAA AS , 
3 cos’ B 13 


t 


Al 


Similarly, for the flux transmitted from AS’ to 
AA’ in the image space 


AF’ 


B’ AA’ AS’ eo 
: 3 cos’ B 14 


Lf 
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Since only the geometrical relations of the sys- 
tem are under consideration, it can be assumed 
that there are no reflection or absorption losses, 
in which case AF = AF’ and B= Bb’. Therefore 


AS’ AAe” cos' B 


AS AA’ e? cos' B’ (19) 
It is evident that 
AA e tan 6 cos*® B’d¢ddB . 
, , , , , ,’ (16) 
AA e? tan B’ cos*® Bdd’dB 
do 
dd’ a) 
and from eq | 
dg l cos” B 
(18) 


dp’ M, cos? Bp” 


Substituting in eq 15 and writing AS AS— S'S 
(permissible because 8 and 3’ are constant over S 
and S’, respectively) eq 11 is obtained. 

It follows, therefore, that the application of the 
wave theory and the application of energy consid- 
erations lead to identical results so far as the rela- 
tive areas of the entrance and exit pupils are 
concerned, but the first application gives the more 
detailed information in that it analyzes the areal 
magnification into two linear magnifications in 
directions mutually perpendicular. 

If 2 denotes the luminous flux emitted per unit 
area by Avl and received by AS, and £” denotes 
the illumination (luminous flux per unit: area 
received by the conjugate elementary area Al’ 
from the surface AS’, from eq 13 and 14 


i ANS’ e? cos' 8’ 


, . 9 
I ASe”* cos* B (19) 
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It can be shown that 
? e f,* 
lim =.=7,=M*, (20 
eta C~ hy 
the subscript having been dropped from AZ becaus: 
the telescopic system will be assumed free fron 
distortion. From eq 2, 11, 19, and 20 


ke’ 


KE M?. (21 


The ratio of illumination of image to illumination 
of object is independent of 8, and the image is 
uniformly illuminated. At first eq 21 appears 
confusing because the illumination of the imag: 
is greater than the flux per unit area proceeding 
from the object, and the image is apparently 
larger than the object. However, it will be re- 
called that the linear magnification for a telescopir 
system is the same for all pairs of conjugate planes 
including the infinite pair, and is equal to the re- 
Also, eq 


20 indicates that the two infinite planes are not 


ciprocal of the angular magnification 


equally distant but that the distance to the object 
plane, divided by the distance to the image plane, 
gives a quotient equal to the square of the magni- 
fication. As an illustration, if a ten-power tele- 
scope is assumed, linear dimensicns in the image 
plane are one-tenth the conjugate lengths in th: 
object plane, but the image plane is only one- 
hundredth as far away. Henee the angula 
magnification is 10, and these values accord with 
eq at 21.) In other words, a telescope that ap 
parently enlarges a distant object actually pro 
duces an image that is smaller than the object, but 
the image is so much nearer the observer that a 
pair of points in the image subtend a larger angl 
than the conjugate pair of points in the object 


Wasnuincron, April 6, 1949. 
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Mechanisms for the Formation of Acetylglycosides and 
Orthoesters from Acetylglycosyl Halides 


By Horace S. Isbell and Harriet L. Frush 


To obtain information concerning the stereomeric factors that affect the course of 
replacement reactions, a study has been made of the replacement of the halogen of certain 
acetvglvcosvl bromides by methanol in the presence of silver carbonate (the Koenigs- Knorr 
reaction The investigation shows that the solvent and the temperature greatly influence 
the course of the reaction when the configuration is trans but have little influence when the 
configuration is cis. The experimental data support the concept that under definite stereo- 
meric conditions a solvated orthoester intermediate takes part in the reaction at low temper- 
atures. At higher temperatures part of the reaction appears to take place through a free 


orthoester ion By selection of suitable experimental conditions, it was possible to direct 


the orthoester reaction in large measure to either the methyl orthoacetate or the methyl 


acetyglvcoside with apparent retention of configuration. 





I. Introduction ing acetyl group, with the addition of methanol 


One of the most useful reactions for the svnthesis at the carboxylate carbon and the elimination of a 


glycosidic compounds consists of the inter- proton from the resultant orthoester intermediate 
eq 1). The acetylglvcoside of like configuration 
to the parent halide i 


reaction of the orthoester intermediate with 
methanol at the glycosidic carbon eq 2). The 


acetvlglveoside of unlike configuration is formed 


tion of a substance containing a free hydroxyl 
roup with an acetvlglvcosvl halide in the presence s formed by a secondary 

silver carbonate or other substance capable ol 

moving the halide ion. The reaction, com- 

only known as the Koenigs-Knorr reaction 
leads to the formation of a number of products by an intermolecular, opposite-face attack by the 

When the halogen and the neighboring acetyl gly- 


up of the acetviglveosv! halide ure frans, the 


methanol from the environment upon the 
cosidic carbon with the elimination of a proton 
eq 3 The last reaction is in competition with 
reactions involving the orthoester intermediate, 
When the halogen and the neighboring acetyl 
intra- 


mtion with methanol inh the presence of silver 
honate produces an orthoacetate Lo and the 
Omer acetVlglvcosides Il and Ii It was 


unted out in previous publications from this group of the acetylglyeosyl halide are e7s, 


molecular reaction is impossible, and no orthoestet 


oratory 2 3. 4] that the orthoester is formed 
by the 


is formed. Replacement takes places 
ld the acetvlglveoside 
of the parent 


om frans acetylglycosyvl halides by an intra- 
mechanism of eq 3, to vie 


Hecular, opposite-face attack upon the glycosidic 
of configuration opposite to that 


rbon by the Tite leophilic OX\ ven ol the neighbor- 


halide. 
H H OCH CH,O Hl 
Chl o—¢{ ( 
( 0) 0 ) 
CH () O—C (cQ—¢ {cOo—C 
I i] itl 
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sh Orthoester Reactions 











fr O .) 


CH;—C —_—--? CH;—C 


ROH O—C 


ROH 


(R=H, CH;, CH;C 


R 
oO 
H H 
o—C 
CH ( oO 
O—¢ 
ROH 
H Br 
R 
O--- —C 
H 
() ~ 
AcO—C 


Shortly after the publication [2] presenting these 
mechanisms for the replacement reactions of the 
acetylglycosyl halides, Winstein and Buckles [5] 
advanced similar mechanisms to account for cer- 
tain the carbohydrate field 
In reactions of the orthoester type, they em- 
existence of the 


reactions outside 
phasized the independent 
orthoester intermediate in the form of the ion LV. 
Although their mechanism does not differ markedly 
from that already presented, the question as to 
whether or not the orthoester intermediate exists 
in solution as a free ion or a solvated ion is of 
importance. In a recent publication Winstein, 
Hanson, and Grunwald [6] claim that results of 
a study of the acetolysis of trans-2-acetoxycyclo- 
hexyl-p-toluenesulfonate rule out the mechanism 
for orthoester formation symbolized by V, and 
remark that this mechanism was envisioned by 
one of us for orthoester formation from acetohalo- 
that the 
Winstein and coworkers does not 
In order to test the 


gen sugars. We believe evidence of 
rule out the 
orthoester mechanism cited, 
concept of a solvated orthoester intermediate, a 
quantitative study has been made of the Koenigs- 
Knorr reaction, and especially of the effect. of 
solvents and temperature upon the composition 


of the reaction products. The results given in 
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that at low 
reaction products vary as required by the solvated 


this paper show temperatures the 


orthoester intermediate rather than by the free 


orthoester ion. 
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II. Role of the Solvent in the 
Koenigs-Knorr Reaction 


Presumably, the role of the solvent in the reac- 
tions under consideration is somewhat similar to 
its role in some of the more common ionizatio 
reactions. The ionization of an acid in water, fo! 
instance, involves coordination of the acidie hydro- 
gen with water, to form an oxonium ion, acco! 


Similarly, t! 


panied by separation of the anion. 
ionization of an acetylglycosy! halide may invol 
coordination of the solvent at a reactive cent: 
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he effect of which is to facilitate release of the 
halogen anion. 

In a trans acetylglycosyl halide, coordination of 
1 nucleophilic solvent can occur either at the 
lycosidic carbon (eq 5) or at the carboxylate 
arbon of the neighboring acetyl group (eq 1). 
Presumably, coordination of the solvent with the 


carboxylate carbon releases electrons to the acetyl 
oxygen and thus increases its nucleophilic prop- 
erties, and its capacity to combine with the glyco- 


When 


the coordinating substance possesses an ionizable 


dic carbon, with release of the halogen. 


hydrogen, the solvated orthoester ion can yield a 
eutral substance by elimination of the proton. 
(in place of ROH 


loes not have an ionizable hydrogen, the orthoeste1 


If the coordinating solvent Y 


ntermediate cannot yield a neutral substance by 
elimination of a proton; hence it exists in solution 
intil decomposed by thermal agitation or by a 
secondary reaction, as for instance with methanol 
eq 4). The secondary reaction yields the glyco- 
de that has the same configuration as the original 
acetylglycosyl halide, and the proportion of this 
elycoside should therefore be increased by the 
presence of the coordinating solvent, Y. 

In a cis acetylglycosy! halide, stereomeric con- 
litions make reaction between the glycosidic 
earbon and the neighboring acetyl group impossi- 
ble. Henee, the mechanism of eq 4 is not appli- 
cable, and the presence of the coordinating sol- 
ent, Y, should have no direct effect on the com- 


position of the product. 


CH H OCH 
H 2) 
H C 
CH O— rf?) 
> () 4 
( () 
CH,;C—o—<( 
\ O—¢ 


In the event that several nucleophilic substances 
ire available for coordination with a trans acetyl- 
veosyl halide, one can envision a competitive 
ystem in which several solvated orthoester 
termediates are present. For instance, in a 
uxture of ether, methanol, and water, solvated 
from 


rthoester intermediates can be formed 


ach constituent. The orthoester intermediates 
erived from methanol and water vield neutral 


ompounds by elimination of a proton, as in eq 


Orthoester Reactions 


1.2 The ether-containing intermediate, however, 
unable to become stabilized by elimination of a 
proton, will exist in solution until decomposed 
by thermal agitation, or by reaction with either 
methanol or water at the glycosidic carbon, in the 
manner depicted in eq 4. Thus the addition of 
the solvent Y should favor the formation of either 
the glycoside or the acetyl sugar hav ing the same 
configuration as the parent acetvlgyleosyl halide. 
On the other hand, if the reaction takes place 
through the free orthoester ion of Winstein and 
coworkers, the probability of the formation of 
either the orthoester or the acetylglvcoside having 
the same configuration as the parent halide should 
be substantially independent of the presence of a 
solvent such as ether, which supposedly serves 
only as a diluent. 

The foregoing considerations apply only to 
trans acetylglyvcosyl halides. We have already 
noted that if the acetylglvcosyl halide has a e/s 
configuration for the substituents of carbons 
1 and 2, the orthoester mechanism is not appli- 
cable, and one would expect no appreciable effect 
of the solvent upon the character of the product 


formed. 


III. Effect of the Byproduct, Water, on the 
Koenigs-Knorr Reaction 


In addition to the alpha and beta acetylgly- 
cosides and the orthoester, which are formed in 
the Koenigs-Knorr reaction, two other products 
must be taken into consideration. These are the 
alpha and beta free acetylsugars, which are formed 
from water inevitably present as a byproduct. 
Theoretically, 1 mole of water is produced from 
2 moles of methanol (eq 5), and 1 mole of water 
produces 2 moles of the free acetylsugar (eq 6 
If all of the water were to react with the acetyl- 
glycosyl halide, the product would contain equal 
proportions of the free acetylsugar and_ the 
methoxy compounds.* The extent of the water 
reaction depends in part on the manner in which 


When the alcohol 


the replacement is conducted. 


Decomposition of the orthoacid formed from water would yield the free 


vwetylsugar, CH,OAc.CH.(CH.OAc);.CH.OH 
) - _ 
In the preparation of orthoesters, other workers have found it ad vantage 
ous to conduct the reaction in the presence of a drying agent, ordinarily 
Drierite [7] In spite of the use of the drving agent, reaction with water 


could not be entirely eliminated in the present study. 


163 











is added slowly to the acetylglycosyl halide in 
another solvent, considerable opportunity — is 
provided for the byproduct, water, to enter into 
the reaction, because it is in competition with a 
relatively small quantity of methanol. For this 
reason, more of the free acetylsugar should be 
formed when a large part of the methanol is 
replaced by The present 


investigation has shown that this is indeed the case. 


ether or benzene. 


2RBr+ Ag,CO, + 2CH,OH--2ROCH,+ 2AgBr- 
H.O+CO,, (5) 


2RBr-+ Ag.CO,+ H,O-+2ROH + 2AgBr+CO,. (6) 


The mechanisms that have been advanced on 


page 162 for the reactions of methanol with e/s 
and trans acetylglycosyl halides apply equally 
well water. An inter- 
molecular opposite-face attack on the glycosidic 


to the reactions with 
carbon of either e/s or trans acetylglycosyl halides 
vields the acetylsugar of opposite configuration to 
Thus, 
an alpha acetylglvcosyl halide vields the beta 
The trans 


that of the parent halide, as shown in eq 3. 


modification of the free acetylsugar. 
acetviglycosyl halide reacts also by the intra- 
molecular orthoester mechanism of eq 1, but the 
orthoacid is unstable and rearranges to give the 
free acetylsugar (eq 7)... Therefore this mecha- 
nism yields the same product as that produced 
opposite-face reaction, 
That is, the alpha 
halide vields the beta acetvlsugar by two mecha- 


by the intermolecular, 


namely, the beta acetylsugar. 
nisms. In the presence of a solvent such as 
ether, which cannot release a proton, decomposi- 
tion of the solvated intermediate can yield the 


alpha acetvlsugar by the mechanism of eq 4. 


H HO H 
CH rrO—C 
C 
( 0 
"itd O 7 
HO ()—¢ 


Since the free acetylsugars are interconvertible 
by the mutarotation reaction, the quantitative 
determination of the alpha and beta modifications 
is difficult. In this work, 
modifications has been determined by a titration 


the sum of the two 


method; and it has been ascertained  polari- 


* The rearrangement of the orthoacid to the hydroxy compound is essen 


tially the same as that outlined in | 
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metrically that the beta modification, as antici- 
pated, predominates in the reaction product. 


IV. Discussion of Experimental Results 


1. Effect of the Solvent in the Koenigs-Knorr 
Reaction and Evidence for a Solvated Orthoester 
Intermediate 


The results given in table 1 show that the com- 
position of the products from tetraacetylman- 
nosy! bromide (a trans acetylglycosyl halide) 
depends on the character of the solvent and on 
the experimental conditions. When the solvent 
is methanol, the product of the intramolecular 
reaction at 20° C is largely the methyl ortho- 
acetate; no alpha acetylglycoside is formed. The 
production of the orthoester without the alpha 
acetylglvcoside shows that the orthoester inter- 
mediate decomposes only by the reaction of eq 
1, and there is no evidence for reaction at the 
glycosidic carbon as would be expected if the 
mechanism involved the free ion. The absence 
of a measurable quantity of the alpha acetylgly- 
coside indicates that the orthoester intermediate 
loses a proton rapidly, before reaction can occur at 
the glycosidic carbon by eq 2. The results also 
show a small amount of the beta acetylglycoside, 
formed by the competing inter- 
molecular reaction of eq 3. When the methanol 
is largely replaced by either ether or benzene, the 
proportion of the orthoester decreases, and a 


presumably 


substantial quantity of the alpha acetylglycoside 
If the reaction took place through the 
expect. this 


appears. 
free orthoester ion, one would not 
striking change. Thus, it appears that a solvated 
orthoester intermediate enters into the reaction, 
as indicated in eq 4. The results in table 1 show 
that the effect of benzene in causing formation 
of the alpha acetylglycoside is less than that of 
ether, but nevertheless considerable. The marked 
effect of ether upon the composition of the 
reaction product is in accord with its well-known 
tendency to coordinate. Its basic properties 
arise from the unshared electrons of the oxygen. 
Although benzene is less basic than ether, its 
ability to coordinate likewise accounts for the 
changes observed. The marked increase in the 
proportion of the free acetylsugar when the amount 
of methanol is low and the reaction is conducted 
in either ether or benzene shows the effect of the 
competition of the byproduct, water, for the 
reactive centers, as mentioned on page 163. 
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In contrast to the results obtained with 


etraacetyl-a-p-mannosyl bromide, the reaction 


oducts from tetraacetyl-a-p-glucosyl bromide 


cis halide) show considerably less variation with 
unge of solvent 
methanol and water for the glycosidie carbon 


evidenced in the increase of the free acet ylsugar 


vhen the amount of the methanol is small. The 
bsence of the methyl orthoacetate and the alpha 


etviglveoside in the reaction products clearly 
pports the prior concept that cis acetviglycosyv! 
lides are incapable of reaction by the orthoester 
echanism. That is, the reaction takes place 
most entirely by an opposite-face attack on the 
cosidic carbon by nucleophilic substances in 

environment (eq 3 Since the alpha acetyl- 
coside is not found in the product, there is no 
dence for the coordination of ether or benzene 
th the glycosidic carbon, since such coordination 
ld vield the alpha acetviglvcoside by a second 
posite-face attack 


In all 


aacet vl-a-p-mannosyv! bromide and tetraacet vl- 


cases, the reaction products from 


rthoester Reactions 





The effect of competition of 


Composition of products from reaction of acetyigi ycosyl bromides with methanol in the presence of silver 


20° © 
Optical rotation of 
Molecular composition of produ — 
t 
Beta Alpha al” a "o* 
( t ’ 
A L y 7 wetyvi weety “oo mir quilit 
4 hoe : ~ i rium 
ly MeOH CHE 
ur bre j 
i ¢ Percent Prece Perce 
9 s 144 r 2 2 
) 41.1 11.4 pi ( 
» 5 5 ‘ 6.8 
‘ 2 1 it 
i S ] y 
te) ‘ 2. { 
svl bromide 
3.8 r 2 
s Yu a A 
oe a) YY 
ind th rthoester formed from 2 ¢ of the acetylglycosy! bromide 


a-p-glucosy] bromide mutarotate in the dextro 
direction. In other words, the beta modification 
of the free acetvlsugars predominates in the prod- 
ducts, as required by the reaction mechanisms 


previously discussed 


2. Effect of Temperature on the Koenigs-Knorr 
Reaction 


In the preceding section it was emphasized that 
the intramolecular reaction of tetraacet vimannosy! 
bromide with methanol at 20° C takes place 
through a solvated orthoester intermediate with 
the exclusive formation of the methyl orthoacetate. 
Inasmuch as this result is at variance with the 
conclusion of Winstein and coworkers, based on a 
study of the acetolysis of trans-2-acetoxyeyelo- 
hexvl p-toluenesulfonate at 75° and 100° C, it 
seemed desirable to investigate the effect. of tem- 
perature on the course of the Koenigs-Knorr 
reaction” The data of table 2 show that the 
composition of the product from tetraacetyl- 


It was observed previously that the formation of orthoester 
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emperature 


Acet ylsugar 


presence of silver carbonate 


Molec 





Effect of temperature on composition of products from reaction of acetylglycosyl bromides with methanol in th 





Optical rotation of product 










ular composition of product 






{a)}7? at [a]jy at 
60 min equilibriun 
MeOH CHC! 


Alpha acet yl- 


giveosidse 


Beta acetyl- 
glvcoside 


Acet vlortho 


tortate 


Product from tetraacet yl-a-D-mannosy! bromide 


( Percent 
Vil 15 6.2 
I »” 6.9 
Vill wD 13. 5 


Product from 


XU 15 
IX » 
XIII “) ti 


glucosyl bromide did not change significantly in 
the range from 15° to 20° C; the reaction prod- 
from 
exclusively the 
intramolecular reaction is stereomerically impos- 
for bromide, the 
amount of the beta acetylglucoside may be taken 
reaction with 
of the alpha 
over 


uct, aside the acetylsugar,® was almost 


beta acet vglucoside. Since an 


sible tetraacet yl-a-p-glucosyl 
as a measure of the intermolecular 
methanol. At 50° C 
acetylglucoside was formed; the 
that at 20° C may be due to recemization through 
a carbonium ion (the Syl mechanism of Gleave, 
Hughes, and Ingold [9]). 


2.5 percent 
Increase 


In contrast to the results obtained with tetra- 
the with tetra- 
acetvylmannosyl bromide show a striking effect of 
temperature the the reaction at 
50° CY although the composition of the product 
was substantially the same at 15° and 20° ¢ 
Since no alpha acetylmannoside was found at 
low temperatures, the amount of the orthoester 
can be taken as a measure of the intramolecular 
Presumably the 


acetyiglucosyl bromide, results 


on course of 


reaction at 20° C or below. 
amount of the beta acetylmannoside, by analogy 
to the glucose series, is a measure of the inter- 
molecular reaction. When the temperature was 
raised to 50° C, the yield of orthoester dropped 
from 78 to 53 percent, and the yields of the alpha 
and beta acetylmannosides increased; the former 
4 I'he formation of the acetylsugar as a byproduct was discussed on page 163, 
and will not be considered here 


’ To show that the differences 
acetylmannoside found at 20 


in the amounts of orthoester and alpha 


and 50° C were real and not due to a secondary 
after its formation, 


decomposition of the orthoester 1 sample of triacetyl 


mannose 1,2-(methy! orthoacetate) was heated at 50° C with methanol under 


the conditions used in the replacement reactions. No change was found 
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Percent Percent Percent 
78. 1 15.7 0 6. 7 279.0 
78. 5 14.6 0 $2.2 27.7 
4 25. 1 0 22. 2 19.8 

tetraacet yl-a-D-glucosy] bromide 

“4 0.7 " 12.9 
8 17.1 12.5 
“8 2 12.6 Ss. 


from 0 to 8 percent, the latter from 16 to 25 
percent. The increase in the beta acetylmanno 
side is evidence that at the higher temperature the 
intermolecular reaction is favored at the expense 
of the intramolecular. This may be due to the 
fact that 
than at 20° C for the intramolecular reaction to 
take place, because of alteration in the positions 
of the reactive groups within the molecule. Cer 
tain conformations of the pyranose ring place th: 


less favorable conditions exist at 50 


halogen and the acetyl group in stereomericall) 
favorable positions for intramolecular reaction by 
the opposite-face mechanism; others do not. At 
the higher temperature, increased kinetic dis- 
turbance of the sugar molecule may alter ring 
conformation and thus affect the probability of 
reaction by the orthoester mechanism. 

The increase in the alpha acetylmannoside at 
high temperatures is proportionately greater than 
the increase in the alpha acetylglucoside. Hene: 
an intermolecular reaction, with an Syl mechanism 
such as that postulated for the formation of the 
alpha acetylglucoside, does not adequately account 
for the facts. It seems more probable that the 
marked increase in the yield of the alpha acety!- 
mannoside at the higher temperature is caused by 
a modification of the intramolecular course. One 
would expect the solvated orthoester intermediat: 
which in the mannose series yields the methy! 
orthoester almost exclusively at low temperatures 
to dissociate at higher temperatures with = th 
formation of the free orthoester ion of Winste! 
and coworkers. The free ion, by reaction wit 
methanol, would produce the orthoester and th 
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ilpha acetylglycoside In proportions different from 
hose characteristic of the solvated intermediate 
n which methanol is already in position to yield 
the orthoester In this connection it should be 
pointed out again that the experiments that Win- 
tein and coworkers claim to rule out the solvated 
orthoester mechanism were conducted at relatively 
high temperatures. The results given in_ this 
paper indicate that at low temperatures the intra- 
nolecular reaction takes place exclusively through 
he solvated orthoester intermediate, but at high 
mperatures part of the reaction takes place 


hrough the free ion 


V. Experimental Procedure 
1. Discussion of the Analytical Method 

The method for the analysis of the reaction 
woduets is based on the premise that the only 
ibstances present are the alpha and beta methyl 
etrancetylglycosides, the methyl orthoacetate, 
nd the free acetylsugar. It has been found 
possible to determine the amount of the acetyl- 
sugar by modification of the conventional method 
for the iodimetrie determination of aldoses. The 
cetylsugar initially formed in the reaction is 
yradually converted to the alpha-beta equilibrium 
mixture; in the presence of a catalyst this equilib- 
rium may be established quickly. From the 
nown optical retation of the pure acetylsugar in 
equilibrium, and the known amount of this sub- 
stance in the mixture, it is possible to calculate 
the contribution of the acetylsugar to the equilib- 
To deter- 


mine the amount of the orthoester, advantage is 


rium rotation of the reaction product 


taken of the observation [10] that methyl ortho- 
cetates react rapidly with hydrogen chloride in 
chloroform and that the reaction is accompanied 
! Normal 
ethyl acetylglycosides and the free acetylsugars 
Thus the 
difference between the rotation at equilibrium and 


he rotation after the addition of hydrogen chloride 


v a large change in optical rotation. 


are substantially inert to this reagent 


a measure of the amount of orthoester present 
The contribution of the orthoester to the equilib- 
im rotation can be calculated from the amount 
of orthoester in the reaction mixture and the 
own optical rotation of the pure substance 
The residual optical rotation, after allowance is 


h the solvated and the free orthoester ion can yield the orthoester 


t} 

ilpha acet ylglycoside It is noteworthy that both products were 
ited by application of the Koenigs-Knorr reaction to heptaacety!-4 
jo-mannosyvl bromide at 0° C [10 
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made for the contributions of the acetylsugar and 
the orthoester, is due to the mixture of the alpha 
After the de- 


termination of the acetylsugar and orthoester, the 


and beta methyl acetvlglycosides 


total vield of the acety lolycosides can be obtained 
by difference, and the proportions of the two 
acetylglycosides ean be calculated from the resid- 
ual rotation and the known optical rotations of the 
two substances. 

By the procedure outlined in the preceding 
paragraph the vields of the acetylsugar, the methyl 
orthoacetate, and the alpha and beta methyl 
acetylglycosides from tetraacetyl-a-p-mannosy! 
Application of the 
sume method to the product from tetraacetyl-a- 


bromide were determined 


p-glucosy!l bromide showed the absence of the 
methyl orthoacetate and gave the yields of the 
acetylsugar, and the alpha and beta methyl 
acetylglucosides. 

The procedure was standardized by measure- 
ments made with the pure constituents as controls 
The method for determining the orthoester, 
although convenient, is not very. satisfactory 
because of the difficulty in maintaining a chloro- 
form solution of hydrogen chloride of uniform 
strength. Because of variation in this reagent, it 
was necessary to standardize the procedure for 
each set of determinations bv use of pure triacety l- 
mannose 1,2-(methyl orthoacetate). Since the 
quantity of the methyl acetylglycosides was ob- 
tained by difference, the values recorded for these 
substances are subject to the combined errors in 
the values for the methyl orthoacetate and the 
free acetylsugar. In the experiments in which 
the percentage of the methyl acetylglycoside Is 
shown as zero, the optical rotation for the methyl 
acetylglycoside fraction was calculated to be at 
least as great in the levo direction as that required 
for the beta acetylglycoside. 

2. Experimental Details 
(a) Materials 

The ether and benzene used as solvents were of 
analytical grade, dried by sodium, and freshly 
distilled. The chloroform was USP grade The 
methanol was dried by refluxing with barium oxide 
and distilling immediately before use 

The hydrogen chloride-chloroform reagent was 
prepared by passing dry hydrogen chloride into 
USP chloroform to the point of saturation at 20° C 
The reagent was protected from atmospheric 
moisture and dispensed from a buret 
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The silver carbonate was prepared by the addi- 
tion of aqueous sodium bicarbonate to an aqueous 
silver nitrate solution. It was collected on a filter 
and thoroughly washed, first with water, and fi- 
nally with acetone. It was then dried at room 
temperature in the absence of light in a vacuum 
desiccator containing phosphoric anhydride. 

The Drierite was finely powdered and was re- 
dried at 230° C immediately before use. The 
following substances were prepared by the methods 
given in the corresponding literature references: 
tetraacetyl-a-p-mannosy! bromide [11], tetraacetyl- 
mannose [12], methyl tetraacetyvl-a-p-mannoside 
113], methyl tetraacetvl-8-p-mannoside [14], tri- 
acetvimannose 1,2-(methyl orthoacetate) [13], 
tetraacetyl-a-p-glucosyv! bromide, page 500 of |15}, 
tetraacetvlglucose [16], methyl tetraacetyl-a-p- 
tetraacetyl-3-p-glucoside 


glucoside [1], methyl 


11] and page 516 of [15]. 
(b) Method of Conducting the Replacement Reactions 
The replacement reactions were conducted in 
100-ml flasks, carefully 
before use, and maintained at the temperature of 


glass-stoppered dried 


the experiment by use of a suitable constant- 
temperature bath. Silver carbonate (2 g), Dri- 


erite (2 g), and the solvent were placed in the 
reaction flask and brought to temperature. The 


acetviglvcosyl halide in a glass boat (2 g) was 
dropped into the flask, and the mixture was shaken 
for 15, 30, or 60 min * 
temperature was 50°, 20° or — 15° ¢ 


according to whether the 
rf respectively. 
In some of the experiments, the methanol was 
introduced into the flask as the solvent or as a 
constituent of the solvent prior to the addition of 
the halide. In other experiments, 15 ml of a 
solvent was added at the beginning: after intro- 
duction of the silver carbonate, Drierite, and 
acetvlglveosy!l halide, 5 ml of the solvent contain- 
ing 0.5 ml of methanol was added dropwise from a 
buret with exclusion of moisture by use of a rubber 
dam. After the reaction was completed, the mix- 
ture was filtered, the residue was washed with 
methanol, and the filtrate and washings were made 
to a volume of 50 ml with methanol. Portions of 
this solution were used for the measurements that 
follow. 
(c) Analysis of the Reaction Product 


(1) Determination of the free 
Twenty milliliters of the solution containing the 


acetylsugar. 


The reaction times were so seketed that the filtered reaction products 


were halogen- free 
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reaction product was evaporated to dryness in ; 
current of dry air, and the last trace of alcohol was 
removed by the addition of 5 ml of benzene and 


re-evaporation. The residue was taken up i 
5 ml of peroxide-free dioxane, and the free acetyl 
sugar was determined by oxidation with iodin« 
by the method of Kline and Acree [17]. Contro! 
experiments showed that neither the methy! 
acetvlglvcosides nor triacetylmannose 1,2-(methy! 
orthoacetate) reacts with iodine, whereas tetra 
acetvlmannose and tetraacetylglucose react stoi 
chiometrically when an excess of 5 to 10 ml of 
0.1-N iodine solution is used. The amount of 
free acetylsugar in the entire reaction product 
was calculated, and expressed in tables 1 and 2 as 
percentage of the acetylsugar theoretically equiva 
lent to the acetylglveosyl halide emploved. 

(2) Optical rotation of the reaction misture at equi- 
librium.— Preliminary experiments showed that 
the equilibrium of the free acetylsugars can be es- 
tablished readily by the addition of sodium ace- 
tate, without alteration of the rotation of the 
methyl acetylglvcosides or of  triacetylmannose 
1,2-(methyl orthoacetate). Henee, sodium ace- 
tate was emploved as catalyst to establish equilib- 
rium. Ten milliliters of the solution containing 
the reaction product was evaporated to dryness 
ina 25-ml volumetric flask containing 0.05 g of 
Sufficient USP chlor- 
oform was added to make a volume of 25 ml at 
20° (. After 18 hr at room temperature, the 
chloroform solution was filtered, and the optical 
The readings 


crystalline sodium acetate. 


rotation was read in a 4-dm tube. 
are recorded in table 3, and the corresponding 
specific rotations are given in tables 1 and 2. 

(3) Optical rotation of the reaction misture at 60 
minutes._‘Since the solution exhibits mutarotation 
because of the presence of the free acetylsugar, 
measurements of optical activity were made on 
the methanol solution of the reaction product at 
convenient times and were extrapolated to obtain 
the values at 60 min from the beginning of the re- 
action. These values were converted to specific 
rotations based on the weight of the reaction 


products.’ 


Since the acetviglycosy! bromide (of molecular weight 411.21) ts « 
verted to the free acetylsugar (of molecular weight 348.30) and to the met! 
wetyviglveosides and methyl acetylorthoester (of molecular weight 362 


the weight of reaction product from 2 g of acetylglycosy!l bromide is 


48 30 $62.33 
2 i+ 1—A) |» 
411.21 411.21 
where 4 is the fraction of the acetylelycosy! bromide converted to the 


wetyvisugar, as determined by titration 
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TABLE 3 Er perimental data on products 
Fr wet 
Experiment number ugar 
produ 
Ir ua rol etraace 
( 
| 
Il , 
i 
, ~ 
Il t 
il 
Produ ry 
~ 
Il ‘ 
) é rit pp 16s 
wan {2 vd | tul 


In order to evaluate the contributions of the 

veral constituents of the product to the equili- 
brium rotation, the measurements given in table 
t+ were made with the pure substances under con- 
ditions like those used in the study of the reaction 
products. To obtain the equilibrium rotation, a 
(.000973-mole sample of the substance in a 25-ml 
10 ml of meth- 
ol; 0.05 g of sodium acetate was added, and the 


olumetric flask was dissolved in 
xture was evaporated to dryness. The mate- 
was then dissolved in chloroform, the volume 
s adjusted to 25 ml, and the optical rotation 
is measured in the manner described for obtain- 
the equilibrium rotation of the reaction prod- 


The observed rotations of +3.20° S and 
249° S for tetraacetylmannose and tetra- 
tviglucose, respectively, and of 4.32° S for 
wetylmannose 1,2-(methyl orthoacetate) were 


d to caleulate the contributions of these three 
bstances to the equilibrium rotations of the re- 
The 


84° S were used to calculate the proportions 


on products values of +7.95° S and 
the alpha and beta methyl tetraacetylmanno- 
s from the residual rotations, as described on 
e 167. +21.20° S and 3.03 


ere used for similar calculations for the alpha 


The values of 
beta methyl tetraacetylglucosides 


The spe- 


Orthoester Reactions 





der 


red from acetylglycosyl hromides at 20° ¢ 


Optical rotation Change in optical rotatior 
NX After HC] Orthoester 
fter OvAc ; . Orthoester 
A OAC CHC) treat Product r 
treatment sen control 
i br 
S S . S re 
1 39 13.8 17.4 " 
0.11 i4 t 15.47 i 
1X +4. 32 st 17 _ 
1.7 t ( 15. 47 
Lw 8.12 ~ l iv ‘4 
; “4 1; 
4.72 09 13. 7¢ 17.61 s 
2 6. 3 4 ‘ 
x br 
Zt 1.82 ( 21 
; | 2 
“Su Lo a 
204 ( Os 
, ‘ 2 
cific rotations for the glycoside fractions of the 


products from experiments | and VII in the man- 


nose series were calculated to be 56.3° and 

60.7°, respectively. These are higher values in 
the levo direction than the = specific rotation, 
—48.2° of the methyl tetraacetyl-8-p-mannopy- 


ranoside. However, repetition of the experiments 
gave results in substantial agreement with those 
reported. Since the rotations of the glycoside 
fractions are based on only 15 percent of the prod- 
uct and are obtained by difference, they are 
greatly affected by all errors of measurement 
Better agreement was found in the 
series in which experiments IX, X, XI, and XII 


17.9 1.6". IS.5 


glucose 


gave specific rotations of 
17.5 
tions in comparison with 


and respectively, for the glycosidic frac- 


18.6° for the specific 
rotation of methyl tetraacetyl-8-p-glucopyrano- 
side. 

1) Determination of the Ten 
the the 


product was evaporated in a current of dry air 


orthoe ster milli- 


liters of methanol solution of reaction 


in order to remove the alcohol. The residue was 
dissolved in the hydrogen chloride-chloroform. re- 
agent, and the volume was adjusted to 25 ml 
f-dm 


reagent, 


The optical rotation was read in a tube, 


30 min after the addition of the and 
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recorded in table 3. It was mentioned earlier 
that the method was standardized for each meas- 
urement in the Mannose series by a control experi- 
ment with pure triacetvlmannose 1,2-(methyl 
orthoacetate). The change in optical rotation for 
the control applicable to each experiment is also 
given in table 3. 

The effect of the addition of the HCI reagent on 
the optical rotations of tetraacetylmannose, tetra- 
acetylglucose, and the alpha and beta methyl 
tetraacetviglycosides of mannose and glucose was 
measured in separate experiments, and the results 
The addition of the HC] 


reagent did not cause an appreciable change in 


are recorded in table 4 


the rotations of the glycosides and of tetraacetyl- 
glucose. A small change was observed in the 
rotation of tetraacetvimannose; in the calculation 
of the amount of orthoester, allowance was made 
for the corresponding change in the rotation of 
the acetylmannose present in the product. In 
each case the correction amounted to O.8°S & % 
of free acetylsugar/100. The changes in optical 
rotation for the product recorded in table 3 were 
corrected for this factor. The percentage of the 
orthoester in the product was obtained from the 
ratio of the corrected change and the change found 
for the pure substance. 


TARLE 4 Er perime nlal data obtained with pure com pounds 


Optical rotation® 


R e substance After NaOAc After HCI 
treatment CHCh treat- 
ment 
s s 
Petraacet yl-D-mannose +3. +4. 02 
Petraacet yl-D-glucose +12. 49 +12. 31 
Methy] tetraacet yl-a-p-mannopyranoside +7. 05 +8. 01 
Methyl  tetraacet yl-6-p-mannopyrano 
sick TM TO 
Methyl tetraacet yl-a-p-glucopyranosicde +21. +21. 21 
Methyl] tetraacet yl-8-p-glucopyranosicde 08 02 
rriacetylmannose 1,2-(methyl ortho 
wetate 4.32 +11. 4 
rriacetylmannose 1,2-(methyl ortho 
acetate 4.32 b+13. 30 
® A U.0000TS-mok ample in a volume of 25 ml, read in a 4-dm tube at 


Phe values were obtained with different preparations of the HCLCHC]s 


VI. Summary 


A study has been made of the effect of solvent 
and temperature on the course of certain organic 
replacement reactions. It was formerly postulated 
[2,3, 4] that the reaction of trans acetylglycosyl 
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halides with compounds containing a free hydroxy 
group (ROH) takes place both by an opposite-fac: 
intermolecular course and by an opposite-fac: 


intramolecular course involving a solvated ortho 
The former yields the gly 
coside with inversion, the latter an orthoester ion 


ester intermediate. 


which then stabilizes by one of two mechanism 
to vield either the orthoester or the glycoside wit! 
apparent retention of configuration. In this pape: 
it has been shown that if the orthoester ion i- 
solvated, the course of the intramolecular reactior 
should be drastically affected by a solvent that i 
able to coordinate in the formation of the ortho 
ester ion, but unable to eliminate a proton. On 
the other hand, if the orthoester intermediat: 
eXists as a free ion, such a solvent should act only 
as an inert diluent in the reaction. A quantitativ: 
study has been made of the reaction with methanol! 
of tetraacetvl-a-p-glucosyl bromide (a cis halide 

and tetraacetyl-a-p-mannosyl bromide (a fra: 

halide) in the presence of silver carbonate (th: 
Koenigs-Knorr reaction). At 15°, 20°, and 
50° C 
almost exclusively methyl tetraacetyl-8-p-gluco- 
side. At 20° Cand 
mannosyl bromide yielded 78 percent of triacety!- 


tetraacetyl-a-p-glucosyl bromide yielded 
below, tetraacet yl-a-b- 


mannose 1,2-(methyl orthoacetate) and 15 percent 
of methyl tetraacetyl-3-p-mannoside. No methy! 
tetraacetyvl-a-p-mannoside was formed, a_ result 
that indicates that conversion of the orthoeste: 
intermediate to the orthoester is the preferred 
In thi 


presence of ether and small quantities of methanol! 


course When methanol alone is present. 


tetraacetyl-a-p-mannosyl bromide yielded 7.5 per- 
cent of the orthoester, 23 percent of the beta 
acetylglycoside and 34 percent of the alpha 
acetylglycoside. The effect of benzene on the 
proportion of the products was similar to that o! 
ether but less pronounced, in accord with its 
These striking 
changes support the mechanism involving a sol- 


smaller tendency to co-ordinate. 


vated orthoester intermediate rather than a fre 
ion. 


When the temperature of the reaction was 
raised to 50° C, the amount of the orthoeste! 
dropped from 78 to 53 percent, and 8 percent of 
the alpha acetylmannoside was formed. This 
shift in the proportions of the products of tl. 
intramolecular reaction seems to indicate that tl 
solvated orthoester ion is somewhat therma!'s 
unstable, and that part of the reaction at the hig! 
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mperature takes place through the free or- 
hoester intermediate. This would react to yield 
he orthoester and the alpha acetylglycoside in 
ferent proportions from the solvated ion. The 
eaction of tetraacetyl-a-p-glucosyl bromide was 
nly slightly affected by a change of solvent or of 
mperature. This is compatible with the stereo- 
eric inability of the alpha glucose configuration 
» form an orthoester intermediate 


lhe authors express their appreciation to Nancy 
Holt for her assistance in conducting the 
alytical work reported in this paper. 
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Studies on the Flame Photometer for the Determination 


of Na.O and K.O in Portland Cement 


By William R. Eubank and Robert H. Bogue 


A study has been made on the Perkin-Elmer model 52 


\ flame photometer to establish 


its suitability for the determination of Na,O and K,O in portland cements and cement raw 


materials 


such as argillaceous limestones and clays 


An essential factor in the successful 


application of the method is the use of suitable standard solutions for each type of material 


analyzed 


Such solutions were developed and excellent results obtained 


This paper gives 


the photometric results due to numerous variables and presents a recommended procedure 


On cements 


the 


Slightly closer agreement was obtained with the internal-standard method 


the averages of the differences between the direct-intensity 


photometric and 


gravimetric values obtained were 0.012 percent for NaoO and 0.024 percent for h.O. 
| | 


but uncertainties 


due to the possible presence of Li,O give greater reliability to the direct-intensity method 


The advantages of flame photometry, both in 


its recommendation for the purpose examined 


I. Introduction 


Flame photometry is an analytical procedure 
Which a solution to be analyzed is atomized 
toa flame, and light, characteristic of the element 
and its intensity 


determined, is isolated 


In the method of flame photometry, 


a: te 
neasured 
principles of analytical spectroscopy are applied 
nder conditions that allow rapid determinations 
be made with relatively simple apparatus and 
th personnel having only moderate training 
This method of analysis was advanced several 
9}.' Heves 


is ago in Europe by Lundegardh 


Schmitt [13], However, it was 


of 


others 
the 


and 


until recently that method flame 


and CoO- 


otometry was simplified by Barnes 


rkers [2] and a commercial apparatus (Perkin- 


Model 1S8—A, 
market. In a study 


direct intensity 


this 


Elmer Corp., 
ced the 
trument, Parks, Johnson, and Lykken [10] noted 


on with 
imber of sources of error due both to charace- 
of the and the 
nterfering Berry, Chappell, and 


sties apparatus to presence 


elements 


hes [4] further improved the flame photometer 
employing a dual optical system that allowed 
h the direct-intensity method, and the internal- 


racket mai for the erature tf 


Flame Photometry for Portland Cement 


time and accuracy are such as to warrant 


standard principle, often used in spectrographic 
determinations, to be used. By the latter method, 


the emitted light-intensity ratios of the clement 


sought and of another element introduced in 
known concentration are measured, rather than 
the absolute light intensities of the element 
sought, as is the case with the direct-intensity 
method. The disturbing effects caused by gas 
and = air-pressure fluctuations, the presence of 
foreign ions and molecules, and viscosity differ- 
ences are minimized by the internal-standard 
procedure. A’ commercial instrument (Perkin- 


Model 52-A 


recently 


Ke permitting the use of 
either 
Pritchard 
voiced the need for further investigation to define 





mer Corp., 


method has been marketed 


12] has compared the two models and 


2 procedure adequate for the determination of 
Na,O and K,O in portland cements 

A study of both methods has been made in this 
Model j2 A 


The purpose of the present paper is to evaluate the 


laboratory with the Instrument 
results obtained in this study as applied to the 
determination of soda and potash in- portland 
cement and to present a recommended procedure 
The that the of the flan 


photometer for this purpose provides analytical 


results indicate use 
data comparable with those obtained by the best 
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gravimetric methods and has the additional 
advantage of much greater speed. It is believed 
that these findings will be generally useful and of 
benefit, especially to analysts in cement-producing 
and testing laboratories where the determination 
of the alkalies constitutes a major problem. 


II. Development of the Method 
1. Standard Solutions 


In applying the flame photometer, it is necessary 
to provide standard solutions with known alkali 
concentration and with characteristics such that 
excitation conditions obtained in the flame are 
similar to those for the solutions to be analyzed. 
Such solutions constitute the basis of reference in 
each determination. It is a matter of common 
knowledge that the spectral emission of an element 
Tray be affected by the presence of other elements 
in the solution, as also by acidity, viscosity, ete. 
4,10). 
the measured intensity of the lines of sodium and 


Thus a spectrographic interference with 


potassium may be caused by caleium, which has 
a strong line (5857.46 A) close to the double 
sodium line (5895.92-5889.95 A) and a weaker 
line (7610.0 A) close to the potassium lines 
7698.98 and 7664.91 A The hydrochloric acid 
that is used to bring the cement into solution may 
likewise be a source of interference. Other weak 
lines of calcium, iron, and magnesium appear near 
the principal lines of the alkalies in an are spectrum 
but, at the much lower temperature of the air- 
propane flame (as recommended for the flame 
photometer), no interference seems likely to occur, 

It would appear that the ideal standard solu- 
tion, from the point of view of balancing the inter- 
ference from various elements, would be one 
composed of the same elements and in about the 
same concentrations as are found in the cement 
solutions to be analyzed. Such standard = solu- 
tions could be approximated by the addition of 
definite amounts of NaCl and KCI to a solution 
of a cement of known (by gravimetric analysis) 
but low alkali content. Solutions were accord- 
ingly made? from a laboratory-prepared portland 
(by gravimetric analy- 
A tabula- 
tion of the gravimetric and photometric values for 
Na.O and K,O in a series of portland cements, 


cement, which contained 
sis) no potash and only a trace of soda. 


letailed deseription of the methods of preparation of the 


See below for a « 


olutior 
PCAF cement k iS2, Lot No. 14646 


using these solutions in conjunction with the iy 
ternal-standard method, is shown in columns 
and 5 of table 1.4 
obtained by the two methods is seen (col. 8) to b 


Agreement between the valu 


excellent, the average of the differences on th 
basis of the original cements being 0.02. perce: 
for Na,O and 0.03 percent for K,). 

It was recognized, however, that there are 
serious objections attached to the use of a cement 
for making up the standard solutions. 

In the first place, cements containing less than 
0.1 percent of both Na,O and K,O are not com- 
monly available, and any error in the values of 
those oxides, assigned by gravimetric determina- 


TaBLe 1. Comparison of gravimetric and flame-photometr 


values for Na,O and K,O on a series of portland cements 
using the internal-standard procedure with standa 


solutions of diffe rent composition 


| | 
1 2 $ | 4 ! § 6 7 s 
Cement CGravi Flame photometric 
No metric with standard aqueous Difference 
solutions of NaCl and 
KCl 
PCA S-types Berk- Noad- CaO Low Col Col Col 
series 308 roller ditions +HCI alkali umn umn umn 
cement i—2 ‘—?2 5—2 
+HC!] 


Percent of NagO 


1s 0.42 0. 46 0.45 0.42 +). (4 +0. 08 0 

Late yp. | 2 25 a» + os + ol 

L482 2 s2 $2 277'+ .0 0 

LissaY as WZ 5) at + 4 + os 

rive ‘ 4 Ww ‘ im ol 

Lil 21 19 17 l 2 4 

Lila Ww 12 l w mw 0 ( 

“45 1.(4 1 >. 10 1.08 1 i 
Avera 0o4 +1) ' ( 

Percent o kof 

! 4 a 1 a ‘ om oy “ol i) Os i 

raw 10 ai) Te 10 4 ol 

1is2 0.48 3 0438 o4 or or 

1 ’ 14 4 1 is “ 0 

rasay 7 ; ( Ty r 

ral 14 Ww Ww Ww “4 Tr] 

wid as a) 4 y TT of 

45 os (is au ys 0 + ol 
Average 4) OF “0 


* No. 43 PCA Long-Time Series [|S 
» Beyond range of standard solutions; approximated by dilution. 

4 Gravimetric determinations on cements reported in tables 1, 3, 4 
were made in the laboratory of the Portland Cement Association, Ch 


“ome of these data have been published [s 
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on, would be reflected im all photometric deter- 


ninations subsequently obtained by their use 
‘urthermore, if Li,O is present, it will introduce 
n error in the gravimetric value for Na.O as 
ommonly determined, because the value deter- 
ined for Na,O includes any Li,O that is present. 
The use, as standard solutions, of water solutions 

NaCl and KCI was found, as anticipated, to 
ve less reliable analytical results than those just 
ported. A number of such data, making use of 
i internal-standard procedure, are shown in 
ble 1, 


terminations are set down for a series of cements 


where the gravimetric and photometric 
columns 2 and 3 respectively, and compared 
column 6 
\ series of standard solutions was then prepared 
as to contain calcium ion and hydrochloric 
d in approximately the same concentration as 
muld occur in the solutions of portland cement 
be analy zed These were composed of 6.000 
ppm CaO (using low-alkali CaCO,' 
HCl per liter, to which pure NaCl and KCI were 


and 50 ml of 


idded in such amounts as to give both Na,O and 
K.O concentrations in the solutions ranging from 
0 to 100 ppm (equivalent to 0.10 to 1.00°% of 
Na,0 and K,O in |-g samples of the cements). 
The above concentration of CaO (equivalent to 
HO", of CaO in the cements to be analyzed Is 
believed to be as satisfactory as any other con- 
entration since, at these high concentrations, 
variation of a few percent in the CaO content 


the cements has no significant effect on the 
Na,sO and K,O. 
tical values on a series of portland cements 


nalvtical results for The ana- 


btained with the use of these standard solutions 
e given in column 4 of table 1, and compared 
th the gravimetric values in column 7. The 
reement with the latter values is seen to be 
ctically as good as that obtained with the use 
f standard solutions prepared from the low-alkali 
nent 
From the results discussed above it was con- 
ded that 
The use of a lithia-free low-alkali cement in 
preparation of the standard solutions gives 
otometric values for NasO and K.O that are in 
newhat closer agreement with results obtained 
gravimetric analysis than does the use of 
(xO-HCI standard solutions 
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The general unavailability of accurately ana- 
ly zed lithia-free low-alkali cements makes the use 
of commercial cements for the preparation of 
standard solutions of questionable merit. 

The excellent 
Na,O and K,O obtained by gravimetric analysis, 


agreement between values for 
and values obtained with the flame photometer 
making use of CaQ—HC! standard solutions, war- 
rant the recommendation of such solutions as 
standards in the flame photometric determination 


of Na,O and K,O in portland cement. 


2. Concentration of Internal Standard 


The concentration of Li.O as nitrate as the 
internal standard used in the above tests was 100 
ppm, in accordance with the recommendation of 
the manufacturer [11]. A series of determinations 
was made to note if changes in the concentration 
level of this material, maintained identical of 
course in the standard and the unknown solutions, 
had any effect on the photometric results obtained 
for NasO and K.O" The 


prepared with the use of the 


standard solutions 


were low-alkali 
The determinations were made by both 
lithia 


results are shown. in 


cement, 
added to the standard 
table 2, 
where the concentration of Li.O as nitrate varied 


procedures with 


solutions. The 
between 50 and 200 ppm No significant effects 
on the analytical values for either Na,O or KO 
were observed due to this variation in the con- 
centration of the lithia. As a result of this series 
of tests, it was concluded that the concentration 


of 100 ppm Li.O as nitrate would be satisfactory 


3. Viscosity of Solutions 


Since the light intensity emitted is a function 
of the amount of liquid projected into the flame 
at any moment, and the latter is a function of 
the VISCOSITY of the solution, it was felt necessary 
to compare the viscosities of the solutions em- 
ploved as standards with those of the cements to 
be analyzed. The time of flow was accordingly 
measured for 5 ml of such solutions through an 
Ostwald viscosimeter in a constant-temperature 
bath at 29° C 


required 163.2 sec; 


The solution of low-alkali cement 
the CaO-HClL solution, con- 
taming 100 ppm each of Na,O and K,O as chlo- 
rides and Li.O as nitrate, required 161.7 see As 
In the “Lone-Time Seri i of portland cements examis 


the lithiur ntent (a 2) had been shown spectroscopica ! 
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Taste 2. Effect of varying concentration of Li,O (as 
nitrate used as internal standard, on Na,O and K,O 
determined. Low-alkali cement used in preparation of 


standard solutions 


Cement Gravi 
No aanene Internal standard Direct intensity 
‘ i 
Concentration of LizO Concentration of LixO 
wn ty ASTM 
ee Mw) 100 200 ”) 100 200) 
ppm ppm ppm ppm ppm ppm 
Percent of NazO 
ai 0.21 0 1 0.21 0.21 oz 0. 2 0. 22 
2 a) “a 62 63 as 7 ‘ 

! 2 a4 24 Pa) 22 a] 
HA is 3o au “4 7 
1 Os is o7 07 07 07 Os 
Percent of KO 
ll 0. Al 0.49 0. AT om 0M 0. 42 0. 
2 i4 l l 12 2 13 12 
I 22 22 a 21 23 2. 23 
iA ol ol w2 ol ol o2 ol 
, 2 ml 27 ? D5 yi) a4 


a basis of reference, distilled water was found to 
require 155.4 sec. The viscosity difference be- 
tween the CaOQ—-HC! solution and the cement solu- 
tion appears to be so small as to be insignificant. 


4. Flame Characteristics 


It is essential that the gas employed for pro- 
ducing the flame in the photometer be of constant 
composition and pressure and free of materials 


that may cause interferences in the spectral 
emission. It is also desirable that the flame 
temperature be such that the alkali elements 


will be readily excited, whereas other elements 
that require higher temperatures for excitation 
excited. Complete separation can- 
not be made of the alkali from the 
alkaline-earth elements present by such control 
of temperature as is possible with a selection of 


will not be 


elements 


the gas, but some advantage can be expected 
from a judicious selection. Excitation of the 
other metallic elements can be almost entirely 
avoided [2]. 

Gas from the city mains was tried with the 
earlier (model 18) instrument but was found to 
give rise to a variable flame and erratic analytical 
results. The pressure also was inadequate for 
best performance in the burner. Of the gases 
commonly available in steel cylinders (bottled 
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gas), acetylene and propane (under various trad 
names) have been used by various investigators. 
The flame temperature of acetylene burning in 
air is much higher than that of propane [14] and 
results in greater excitation of the nonalka| 
elements [2]. Propane appears to be nearly idea! 





for the purpose of exciting the alkali elements 
with a minimum of interference from other causes, 
and was employed in these studies. 


Ill. Analytical Results 
l. Precision of Flame-Photometric Method 


A group of five cements was subjected to 
repeated analysis for NasO and K,O by use of th: 


TABLE 3 Fiame-photometric values for NagO and K,O 
portland cements obtained bu two operators over a periv 
of several weeks, and employing varying concentrations o 

indicate reproducibility of th 


internal standard, to 


analytical results under average laboratory conditions 


Internal-standard procedure with low-alkali cement standard 


Nad Ko 


Cement No 


Value 
determined 


Standard 
deviation 


Standard 
deviation 


Value 
determined 


Long-time series [8] 


> 
r 


| ol 
ol 


43.4 


Average o.o12 of 
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rad une photometer over a period of several weeks, different units of the model 52—A instrument are 
tor sing the internal-standard procedure with the shown in table 4. The agreement between oper- 
‘1 w-alkali-cement standard solutions. These tests — ators (col. 10) is generally satisfactory, the average 
j andl present the accumulated analytical values on maximum variation from operator to operator 
ka ese cements obtained by two operators using being 0.03 percent for Na,O and 0.04 percent for 
idea! arious concentrations of Li,O as an internal K.O. The average of the differences between the 
penis standard. The data are set down in table 3 as an values obtained by the photometric and the 
use dication of the reproducibility of the photo- ASTM chemical method (col. 9) is only 0.02 
etric values even under conditions far from ideal. percent for Na,O and 0.01 percent for K,O 
he standard deviation is seen to vary from 0.005 These results indicate that the personal factor 
»0.017 for Na,O and from 0.000 to 0.023 for K,O. in operating the flame photometer is small and 
| (he maximum spread for any cement was 0.05 that a high degree of training for an operator is 
reent for Na,O and 0.06 percent for K,O, based not necessary. Operators 6 and ¢ had less than 
“<i lo : . 
ft) the original sample. 2 days previous experience with the instrument 
ft the . , ° . 
\ comparable series for study of the reproduci- when the determinations were made. 
«0 ity of the alkali values by gravimetric methods 
per < not known to be available, but it is believed that 3. Comparison of Photometric and Gravimetric 
ions 0 he photometric values given will compare favor- Methods 
of U bly with any similar series of gravimetric a ' 
ns There are also shown in table 4 gravimetric 
determinations : 
values on these cements by two different methods, 
~— , the ASTM standard [1] and the modified Berk- 
2. Reproducibility by Different Operators aa ai U1] 
Roller [3]. These two methods are given because 
— "he flame-photometric results on a series of the former is usually conceded to be more accurate, 
a sc ments obtained by three operators using two whereas the latter is more rapid. It will be noted 
? 
S TABLE 4 inalytical values for Na,O and K,O obtained by two gravimetric methods and by three operators using the flame 
\ photometer direct-intensity method, CaQ—HC!1 standard 
t 
: I 2 i t 7 s ' 
Cement Ne Gravimetric Flame photometer Comparisot 
Operator * mum | mum 
ote Is 3 Berk Differ Ave Ditter variation variation 
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that the average of the differences obtained by 
the two gravimetric methods (col. 4) is 0.04 per- 
cent for both Na,O and K.O, with maximum indi- 
vidual differences of 0.07 percent for Na,O and 
0.08 percent for K.O. The more rapid Berk- 
Roller method gives values for both Na,O and 
K.O that are consistently somewhat higher than 
those obtained by the ASTM method. The pho- 
tometric results also agree closely with the gravi- 
metric results and in general conform best with 
those obtained by the ASTM procedure. The 
average differences between the gravimetric and 
photometric values (col. 11) are 0.04 percent for 
both Na.O and K,O. It may here be noted that 
the gravimetric values, though serving as the basis 
of reference, cannot be considered as necessarily 
accurate. The outstanding advantage of the pho- 
tometric procedure over either gravimetric method 
is found to lie in the greatly shortened time 
required for the determination. 


4. Comparison of Direct -Intensity and Internal 
Standard Procedures 


Values for NacO and K.O obtained on 10 cements 
by both the internal-standard and direct-intensity 
procedures are given in table 5. The standard 
solutions for the former were prepared from the 
low-alkali cement and for the latter from = the 
CaOQ-HClI solution. 
determinations by the ASTM standard method 
Averages of the differences 


For comparison, gravimetric 


{1} are also included. 
between the values thus obtained are given at the 
bottom of the table. 

The average of the differences between the flame- 
photometric determinations using the internal 
standard and the ASTM gravimetric values (col. 5) 
is only 0.009 percent for Na,O and 0.016 percent 
for K.O. 
the average of the differences (col. 6) is slightly 
greater, being 0.012 percent for Na,O and 0.024 
The average of the differences 


Using the direct-intensity procedure, 


percent for KO. 
between the internal-standard and direct-intensity 
results (col. 7) is 0.005 percent for Na,O and 0.012 
percent for K.O. Values obtained for Na,O with 
the flame photometer by both procedures are in 
somewhat better agreement with gravimetric values 
than those for K,O. 
photometric results compare favorably with the 


In either case, the flame- 
gravimetric values 


From these data, as also those shown in table 2, 
the results obtained by the internal-standard pro- 
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Comparison of analytical results obtained by U 
inter nal-standard proc edure . Using low-alk ali cemer 
stendard solutions, and by the direct-intensity procedur: 
using CaO HCI Standard solutions 


TABLE 5. 


1 2 ; ‘ t 7 
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cedure are seen to be 


! 
with the ASTM values than those obtained by 
This difference is 


slightly better agreement 


the cdirect-intensity method. 
small and usually insignificant. 
There is, however, an important reason for con- 
sidering the direct-intensity method to be the mor 
reliable for portland cements and cement raw ma- 
The internal-standard procedure involves 
the introduction to the standard and the unknown 


terials. 


solutions of a fixed amount of some element by 
means of which intensity ratios of the alkali ele- 
The char- 
acteristics of this element are severely restricted 
it must be readily excited in the photometer flan 

it must not emit spectral lines that would interf: 

with those of sodium and potassium, and it mus! 


ments to the standard are measured. 


not be a constituent of the cements used as stand- 
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ids or to be analyzed. The only element thus 
ar found partially to meet these requirements is 
ithium [4], but unfortunately lithium is present 
n some raw materials that may be used in cement 
nanufacture. Since, in the internal-standard pro- 
edure, the measured ratio between the intensity 
of the lithium (added in a fixed concentration) and 
f the sodium and potassium (being determined 
s the basis for the establishment of the concen- 
ration of the latter elements, it is obvious that 
he concentration of the lithium must be identical 
the standard and the unknown solutions. And 
nee the cements being tested may contain lithia 
n small but unknown concentration, the measure- 
ment of the above ratio will not, when lithia is 
resent in the cements being tested, correctly in- 
dicate the Na,O and K,O concentrations. Because 
of this uncertainty, the internal-standard method 
s not recommended for the flame-photometric 
determination of the alkalies in portland cement 
cement raw materials, and only the direct- 
ntensity method will be included in the procedure 


ithined below ; 


IV. Application to Raw Materials 


The principal differences between the flame- 
photometric analysis of a portland cement and of 
raw material, such as a clay, are concerned 
with the increased difficulty of getting the latter 
nto solution and of making a proper selection of 
aterials to be used in preparing the standard 
solutions 
\ flint clay, a plastic clay, and an argillaceous 
limestone were selected for photometric analysis. 
lhese were NBS standard samples for which com- 
plete gravimetric analyses were available. It 
should be pointed out, however, that cement raw 
naterials vary considerably from location to 
wation, and probably no individual material can 
considered as representative of a type. Some 
«lifications of the procedure followed here may 
necessary for other materials. 
\n attempt was made to dissolve these materials 
the Glaze method [5] using nitric, perchloric, 
| hydrofluoric acids. By this method, the 
nerals of the argillaceous limestone were com- 
tely dissolved, and the graphite and organic 
tter were burned off during ignition of the 
d perchlorates. This procedure failed, how- 
r, to decompose the clays. The latter were ac- 
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cordingly subjected to sintering with NH,CI and 
CaCO, (J. 
tracted several times with boiling distilled water 


Lawrence Smith procedure |1]), ex- 


and filtered. By this means the alkalies in these 
clays were brought into solution. 

The standard solutions required for a particular 
type of raw material will depend on the chemicals 
employed to dissolve the material and the concen- 
tration range of the alkalies. Sometimes the 
resulting solution contains only water and the 
alkalies; in other cases interfering substances, such 
as CaO, may also be present. In case only sodium 
and potassium are in solution, standard solutions 
of the alkalies in water may be prepared of several 
concentrations up to the maximum amounts of the 
An alter- 


native procedure in samples of high-alkali content 


alkalies expected in the raw material 
(more than 1°%), is to dilute the sample to the 
concentration range of the usual standard solu- 
tions (0 to 100 ppm). 

When interfering substances occur in appreciable 
amounts in solution with the alkalies, it may be 
necessary to compensate for them in the standard 
solutions. This will depend on the aecuracy re- 
quired. As mentioned earlier, CaO and HC! 
have been found to constitute the chief interfer- 
ences in these studies. In many cases it may be 
easier to treat the sample with HC! before filtering, 
and then add the amount of CaO occurring in the 
raw material, plus HCl, to the standard solution 

The data from a flame-photometric analysis of 
these materials for Na,O and K.O by the direct- 
intensity method using CaO-HCl standard solu- 


tions are given in table 6. Values obtained for 
the argillaceous limestone, which was the easiest 
to put in solution, checked closely, within 0.01 
percent for both Na,O and K,O, with the average 


gravimetric determinations. Soda  determina- 


TARLE 6 Gravimetric and flame-photometric determinations 
of Na,O and k,O in cement raw materials 


(iravimetric values as reported in certificates of National Bureau of S 
wds. Flame-photometric direct-intensity method: CaQ-H¢ tand 
Flint Clay Plastic Clay — 
NBS Std. 97 NBS Std ¢ 
I 1 I 1. Ys NBS s ‘ 
Nay Ke Na Ko Nad KO 
Average value on 
certificate (a 0.12 om 2s 


Flame-photometric 
value (b TD 47 2 4 u 


b 4 02 “7 
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tions for both clays also checked closely with the 
gravimetric results, but the potash values showed, 
on the basis of the original sample, greater varia- 
tion from the gravimetric results. This is seen 
to be related to the larger concentration of potas- 
sium present, and the percentage variations are 
These 
successful application of the flame-photometric 
method to the determination of Na,O and K,O in 
cement raw materials. 


not excessive. results demonstrate the 


V. Recommended Procedure for the Deter- 
mination of Na,.O and K.O in Portland 
Cement 


In employing flame photometry for the deter- 
mination of the alkalies in cement, the instrument 
must first be calibrated with solutions of known 

It is convenient to prepare stock 
relatively high concentration in 
amounts sufficient to last for 3 or 4 weeks, and 


concentration. 
solutions of 


from these to prepare the standard solutions as 
required. These solutions should be stored in 


acid-resistant glass containers, such as Pyrex. 


1. Stock Solutions 


A lime-acid stock solution is prepared to contain 
63,000 ppm (6.3 %) of CaO and 500 ml of HCI per 
liter: 

Add 300 ml of water to 112.5 g of CaCQy (see 
footnote 5) in a 1,500 ml beaker. While stirring, 
slowly add 500 ml of HCl. Cool to room tempera- 
ture, transfer to a 1-liter volumetric flask, dilute 
to | liter and mix thoroughly. 

A second stock solution is required containing 
1,000 ppm (0.1 %) of Na,O and K,O, both soda 
and potash being included in the same solution: 

Dissolve 1.8858 g of NaCl and 1.5830 g of KCl 
(previously dried at 105° to 110° C for several 
hours) in water, dilute to 1 liter in a volumetric 
flask and mix thoroughly. 


2. Standard Solutions 


Standard solutions are required, for the cali- 
bration of the apparatus, which contain known 
amounts of the alkali oxides together with a con- 
centration of CaO and acid approximating that 
which will be present in the unknown cement solu- 
tions. These are prepared by the proper dilution 
of portions of the stock solutions. Since | g of the 
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cement to be analyzed is dissolved and made up at 


to 100 ml of solution, a K,O concentration in th gi 
cement of 1 percent would be equivalent in th a 
solution to 100 ppm. And since very few cements al 
contain more than 1 percent of either Na,O or U 
KO, the usual upper concentration of the alkali m 
oxides in the standard solutions can be fixed at or 
100 ppm. In the few instances where higher con- hie 


centrations are encountered, the upper concen- 
tration in the standard solutions can be raised as a 
far as necessary, or the solution being analyzed 
can be further diluted. 


eS! 


In general, the range of 0 to 100 ppm of Na,O in 
and K,O in the standard solutions will cover ade- fol 
quately the range of alkali concentrations (0 to th 
1%) incements. Although higher sensitivity could of 
be obtained by narrowing the alkali limits in the the 
standard solutions (as between 25 and 75 ppm by 


where the cements contain not less than 0.25 nor 
of either alkali oxide), such pr 
The likelihood of 


more than 0.75% 
dilution is not recommended. 


contamination and consequent erratic results the 
would thereby be greatly increased. fin 
The standard solutions recommended are as 1 
follows: the 
me 
unt 
Alkali | Lime-acid |NaCi-KC1) Volume of ni 
(as oxide solution solution solution 
oth 
ppm ml ml ml | 
100 200 200 2, 000 ns 
75 100 75 1, 000 - 
50 100 50 1, 000 val 
25 100 25 1, 000 rept 
10 100 10 1, 000 The 
0 100 0 1, 000 non 
100 0 100 1, 000 
othe 
7 
The I; — “shi all 
Che lime-free solution is for use only in establishing 
i ace 
the correct position of the wavelength selector for “ 
e - . * SOT 
maximum response to Na,Q and K,O, Each . ' 
. . ° . . the 
alkali solution is measured out, as indicated above, 
' " ere 
in calibrated pipettes or burettes, but the lime- ints 
acid solution may be measured in a graduated 
evlinder. 
W 
3. Calibration of the Instrument the | 
With the electric current turned on, the au crav 
pressure is adjusted to about 10 psi, the gas pres Crm 
sure to about 5 psi, and the burner lighted. Th me 
chimney should be adjusted with its bottom edg: 
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ibout to 4 in. below the top of the burner. The 
vas and air pressures are further adjusted to give 
1 flame 5 to 6 in. high and having uniform, quiet, 
sreenish-blue cones over the grid of the burner. 
Under humid conditions, moisture condensation 


may be prevented by leaving the electrical circuit 


on continuously. The burner should be on for a 
half hour before commencing a run. 

The internal-standard dial should be set and 
aused to remain at zero. 

The correct position of the wavelength dial is 
stablished by pouring lime-free standard solution 
nto the atomizer and moving the selector back and 
orth on each side of the indicated wavelength for 
he element until the point of maximum deflection 
if the meter is obtained. During this operation, 
the meter is caused to reach the range 90 to 100 
by means of the coarse and fine gain controls. 

The atomizer should be rinsed with each solution 
prior to taking readings on that solution. 

The 100 ppm alkali lime-containing solution is 
then poured into the atomizer, and the coarse and 
fine gain controls adjusted until the meter reads 
100. With the alkali-free solution in the atomizer, 
knob is turned until the 
These steps should be repeated 


the zero-adjustment 
meter reads zero. 
intil the meter needle returns to 100 and 0, 
respectively, on going from one solution to the 
other. 

The 75-ppm solution is then poured into the 
atomizer and the meter reading noted. Again the 
0 and 100 ppm solutions are tested and the process 


repeated until consistent results are obtained. 


The meter reading for the 75-ppm solution is then 
recorded and the operation repeated with the 
other standard solutions 

The final recordings for the meter readings of 
ull standard solutions are then plotted on cross- 
10-ppm 


paper, noting that standard 


solution represents 0.1 percent of Na ,O or K,O in 


section 


the cement solutions, 100 ppm represents 1.0 


percent, ete. 
4. Determination of Na,O and K.O 


When the instrument has been checked against 
he standard solutions and the calibration curves 
drawn, the balance of the procedure for the de- 
rmination of Na.O and K,O concentrations in 
me cements consists in placing the cements in 
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solution and comparing meter readings obtained 
upon such solutions with the calibration curves. 

1 g of cement is placed in a 150- to 250-ml 
beaker and dispersed with 10 to 25 ml of water 
5 ml of HCI is added all at once and diluted im- 
mediately with 50 ml of water. Any lumps are 
broken up with a flat-end stirring rod. After 
digesting for 15 min on a steam bath or hot plate, 
the solution is filtered into a calibrated 100-ml 
volumetric flask. The beaker and paper are 
washed thoroughly with water, the solution cooled 
and diluted to 100 ml, and this solution mixed 
thoroughly. 

The apparatus is warmed up and adjusted, and 
the wavelength selector properly placed as in the 
procedure for calibration. The 100-ppm= and 
alkali-free standard solutions are used for the 
proper setting of the meter by means of the coarse 
and fine gain controls, and of the zero-adjustment 
knob, as previously described. 

The cement solution is then poured into the 
atomizer and the reading noted. The standard 
solution nearest this reading is then used and its 
reading noted. If the standard deviates more than 
one scale division from its former value, the origi- 
nal reading is reestablished by use of the fine gain 
control. These readings of unknown and nearest 
standard are repeated until consistent. The read- 
ing of the cement solution is then recorded and 
the Na,O or K,O concentration read from the 
appropriate calibration curve. 

Each oxide should be reported to the nearest 
0.01 percent. Where the combined oxides ex- 
pressed as Na,O are required, the Na,O equivalent 
of the K,O is obtained by multiplying the percent- 
age of K,O by 0.658, recording to nearest 0.01 
percent, and adding to the Na,O as determined. 
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